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ABSTRACT
The effect of Reynolds number (Re), turbulence intensity (Tu) and aspect ratio (W/D)
on flow above and inside a trapezoidal cavity is studied in terms of the vortex
characteristics inside the cavity and the normalized volumetric air exchanged rate from
the cavity (Qnormalized). A CFD model has been set and validated based on limited wind
tunnel data.
With increasing Re (60000, 123000, and 181000), the center of vortex moved toward
the trailing edge of the cavity, Qnormalized increased, and the vortex inside the cavity had
more strength (Vorticity magnitude increased). With increasing Tu (0.67%, 5%, and
15%), the center of vortex moved toward the leading edge in W/D of 2, and Qnormalized did
not change significantly. With increasing W/D (2, 4, and 6), the center of vortex moved
toward the leading edge, and Qnormalized increased significantly. W/D was found to be the
most significant factor affecting vortex characteristics and Qnormalized. The cavity was
“open” in W/D of 2 and 4, whereas, the cavity was found to be “closed and transitional”
in W/D of 6.
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CHAPTER I
I. INTRODUCTION
1.1. Engineering applications of cavities
“Cavity” refers to a hollow space within a solid object. A cavity can be
characterized with respect to its geometry, i.e. rectangular, trapezoidal, triangular or
circular. A cavity’s Width (W) to Depth (D) ratio (W/D) has been commonly used to
identify how deep or shallow a cavity is. Cavities can be found in many engineering
applications such as roadway configurations or street canyons (Lawson and Barakos,
2011). Moreover, due to the simplicity of the geometry and complexity of flow patterns
and possible vortices inside it, there has been an effort to better understand flow inside
the cavities numerically (Erturk, 2009).
A cavity could be representing the geometry of a roadway or street configuration as
well. For example, for a roadway with length of 4 m and air velocity of 5 m/s (Re ≈

6.4× 10 ) can be considered as a cavity. In this specific application, flow patterns, i.e.
vortex characteristics, and pollutant dispersion inside the cavity are the main concerns

(Ahmad et al., 2005). There has been an intense research on this specific application
because despite improvements in fuels and engines, most of air pollution in urban areas is
traffic induced emissions (Fenger, 1999).
Furthermore, cavity flows can be found in coating and polishing industry (Shankar
and Deshpande, 2000), as Aidun et al. (1991) first emphasized the application of cavity
flows in coaters and melt-spinning process. Therefore, understanding flow over a cavity
is of great importance.
1

1.2. Objectives
Although there has been much study on rectangular cavities, flow over trapezoidal
cavities has not been yet fully identified. The primary objective of this study is to
investigate the flow field above a shallow trapezoidal cavity. This was to be
accomplished by developing a numerical model to be validated using limited
experimental data conducted in a wind tunnel. The cavity is studied under varying
Reynolds number (60000, 123000 and 181000), turbulence intensity (0.67%, 5% and
15%) and W/D (2, 4 and 6).
The specific objectives are to:
I.

Develop an experimental setup capable of generating a perpendicular
boundary layer entering a shallow trapezoidal cavity.

II.
III.

Conduct velocity measurements above and behind the experimental model.
Develop a numerical model for the study and validate it using data collected
from wind tunnel experiments.

IV.

Characterize flow over a shallow trapezoidal cavity using the results of CFD
model simulation.

V.

Analyze the CFD results to find the effect of each factor on vortex
characteristics inside, shear layer grow above and the air exchange rate from
the trapezoidal cavity.

2

CHAPTER II
II. THEORETICAL BACKGROUND AND LITERATURE REVIEW
2.1. Classification of cavities
Cavities can be classified with respect to different factors. Shape wise, they are
classified into rectangular, trapezoidal and triangular cavities, as shown in Fig. 2.1.
Rectangular cavities are divided into shallow and deep cavities with respect to their
Width (W) to Depth (D) ratio. Shallow cavities have W/D greater than one, and deep
cavities have W/D smaller than one (Lawson and Barakos, 2011).
Both trapezoidal and triangular cavities’ geometry can also be described using their
width to depth ratio and the side angle (β). By the analogy we may borrow from
rectangular cavities, let the trapezoidal cavities with W/D greater than one be shallow and
W/D smaller than one deep.

Fig. 2.1. Rectangular cavity, Trapezoidal cavity and Triangular cavity

Moreover, cavities can be classified with respect to the flow pattern inside them. In
“closed and transitional” cavities the flow does not have enough energy to bridge the
cavity. Therefore, there is a separation point at the beginning of the mouth of the cavity
and somewhere on the bottom (see Fig. 2.2.a).
3

In “open” cavities flow has enough energy to bridge the cavity. Therefore, a complete
vortex can be seen inside the cavity and there is no separation point inside the cavity (see
Fig. 2.2.b). Sometimes, in “open” cavities, secondary vortices can be seen inside the
cavity as well. The presence of these vortices and shape of them depend on Re and
geometry of the cavity (Lawson and Barakos, 2011).

a) Closed cavity

b) Open cavity

Fig. 2.2. Classification of cavities with respect to the vortex structure inside them (Lawson and
Barakos, 2011).

The 2D schematic of a trapezoidal cavity can be described with W, D and β (side
angle of the cavity). The third dimension of the cavity is called the length of the cavity (
Г). The ratio of the Length of the cavity to its Depth is used to characterize the cavities.
Г/D ratio affects the flow behavior inside the cavity. The higher the Г/D ratio is, the more
the flow shows 2D behavior in the middle section. The 2D or 3D behavior of the flow is
also dependent on W/D of the cavity and Re (Reynolds number) and Tu (turbulence
intensity) of the upstream flow. For their studied range of Re (1150 to10670), Faure et al.
(2007) reported that flow inside and above the cavity with Г /D ratio of 6 is mostly 2D
rather than 3D.

4

2.2. Turbulent boundary layer
Flow regimes can be classified into laminar, transitional and turbulent. This
classification is mostly based on the value of Re. In low Re, the viscous forces are
dominant. Therefore, any disturbance in the flow is damped by the viscous forces (Pope,
2000). In laminar regime, the boundary layer consists of parallel stream lines with no
mixing between them. However, by increasing Re, the inertia forces become dominant.
Eventually, the disturbances in flow are not damped with viscous forces. This causes a
chaotic manner in the flow. It is worth noting that flow transfers from laminar to
turbulent through a transitional regime. In turbulent boundary layer, mixing occurs
between the layers and the boundary layer thickness is less in comparison with the
laminar case (Pope, 2000). Figure 2.3 shows the laminar, transitional and turbulent
regimes on a flat plate.

Transitional region

Laminar region

Turbulent region

Fig. 2.3. Different flow regimes on a flat plate

Turbulence intensity (Tu) signifies the level of fluctuation in the flow and is
defined as (Pope, 2000):
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u!
Tu =
× 100
"#

(2.1)

"! = "$%& − "#

(2.2)

where, u’ is the fluctuating portion of the velocity and can be written as:

and u(t) is the instantaneous velocity at time (t) and "# is the mean value of velocity.
Moreover, the term ()* (Reynolds stress) is defined as:
()* = +"
#####
, "-

(2.3)

The turbulent boundary consists of four main regions (Akinlade 2005). These regions
are defined based on the distance from the wall. The dimensionless distance from the
wall is:
y/ =

 


where uτ is the friction velocity, y is the distance from the wall [m] and ν [

(2.4)
0

1

] is the local

kinematic viscosity.
u2 ≡ 4 65
2

where (7 is the wall shear stress and ρ [

89

0

(2.5)

] is the fluid density at the wall. The viscous

sublayer is defined as the area very close to the wall, i.e. z<zf, where zf is the distance at
Re

BL

=1. This ReBL is calculated having z as the characteristic length. In this area,

friction is very important (y+ <30). The initial sublayer is defined as the area far away
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from the boundary between z=zf and z=δ and δ is the boundary layer thickness.
The region is similar to the inertial range in the homogenous turbulence.
Inner and outer regions are defined with respect to y+. Fig. 2.4 shows these two
regions. It can be seen that there is an overlap region (30 < y+ < 300).

Fig. 2.4. Schematic of the inner, outer and overlap region (Akinlade, 2005)

According to Prandtl the flow in the inner layer is highly affected by the viscosity and
shear stress (Akinlade, 2005). In the outer layer, at very high Re, i.e. beyond the critical
Re, the flow motion is not a function of viscosity. The critical Re varies for different
cases and geometries. For example, for the flow in pipes, the critical Re is ≈ 2300 and is
calculated based on the diameter of the pipe. The law of wall is presented in the inner
region which relates the u+ to y+ u+ and y+ are the dimensionless values of the velocity
and distance from wall. This number is used to identify the regime of flow, i.e. for Re<
Recr flow is laminar.

7

The law of wall states that in the overlap region, the dimensionless velocity is
proportional to the logarithm of the dimensionless distance from that point to the "wall"
(Akinlade, 2005).

where u+ is

>

>?

u/ = ln$y / & + C /

8

(2.6)

and C+ is a constant. In (y+<5),
u+≈y+

(2.7)

However, for the region of 5<y+<30, neither of the above estimations are applicable.
Therefore, in the CFD model (see Appendix A.1), y+ should be either kept below 5 or
between 30 and 300, depending on the turbulence modeling and wall treatment used.
2.3. Vorticity
Motion of flow in circular pattern makes a vortex. Vortex is known by vortex lines.
Vortex lines are the lines on which the line’s tangent on any point gives the local vorticity
direction. According to the definition Vorticity is defined as the curl function of velocity
(Kundo, 1990):
@ = ∇"

(2.8)

For the case of flow movement in Cartesian plane, the Vorticity line would be in Zdirection and it can be calculated by (Kundo, 1990):
ξ=

C
C
−
CD
C

(2.9)
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In the following sections a list of related researches and a summary of the area of
interest in this field has been discussed. The studies have been divided into experimental
and numerical studies.
Different experimental techniques have been used for cavity research by researchers.
Particle Image Velocimetry (PIV) (Melling, 1997), Laser Doppler Velocimetry (LDV)
(Tropea, 1995) and hot-wire anemometry (Comte-Bellot, 1976) have been commonly
used in the papers reviewed. The experimental studies have been classified with respect
to the method they used.
2.4. Experimental studies
In one of the earliest studies on cavities Roshko (1955) conducted experiments to
measure velocity and pressure on the walls of a rectangular cavity. The upstream velocity
was 22.86 and 64 m/s (75 and 210 ft /sec). The main conclusion of the work was that in
order to balance any unstable pressures there should be a momentum transfer at the
mouth of the cavity. Moreover, drag coefficient was reported to be only a function of
pressures on the walls of the cavity. Later on, many other researchers continued this
research with newer techniques and ideas.
Rectangular cavities
 PIV studies
Faure et al., (2007) conducted wind tunnel experiments using PIV to study a
rectangular cavity. W/D of the cavity was 0.5, 1, 1.5 and 2, with free stream velocities of
0.69, 1.21 and 1.6 m/s. The Г/D ratio of the experimental model was 6. In addition, the

9

upstream boundary layer was laminar. Flow visualizations were conducted mainly to
emphasize the 3-D
D flow generation inside the cavity. In all the cases considered, the
cavity was found to be “open
open”. Moreover, it was found
d that the injection of flow into
in the
cavity was more a 2-D
D phenomenon in that range of Re from 1150 to 10670.
10670 Figure 2.5
presents the flow visualization in two vertical planes for three different upstream
velocities. These plots are for the cavity with W/D of 1.
The flow patterns in the two planes are very similar.. Also it can be seen that the flow
behavior is becoming more 3D with increasing upstream velocity. There are other plots in
the paper concluding that for shallower cavities the flow shows m
more
ore of 3D behavior
especially at higher upstream velocities. The main conclusion, however, is that the flow is
primarily 2D inside the cavity in this range of Re.

Fig. 2.5. Flow visualization for two vertical planse in the length of the cavity for upstream
velocity of a) 0.61 m/s, b) 1.21 m/s and c) 1.6 m/s (Faure et al., 2007)
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Ozsoy et al. (2005) performed experiments on a rectangular 2-D cavity with W/D =4
for Re of 4000, 9000 and 13000 using PIV. The incoming boundary layer was set
laminar. In all cases the cavity was found to be open and with increasing Re the
downstream vortex became larger and the center of the vortex moved toward the leading
edge.
Salizzoni et al. (2011) studied a rectangular deep cavity (W/D=1) with the application
for a street canyon. Turbulent urban boundary layer was generated in the wind tunnel.
Velocity measurements were conducted using PIV and hot-wire anemometry. The
upstream velocity was set at 6.75 m/s. They found that the momentum transfer and vortex
shape inside the cavity was dependent on the type of the urban boundary layer generated
and one dominant vortex inside the cavity was detectable.
 LDV studies
Grace and Dewar (2004) conducted measurements using LDV and HW for a
shallow rectangular cavity with W/D=4. The upstream boundary layer was set both
laminar and turbulent and upstream velocity was changed for two levels (7.5 and 15 m/s).
They found the cavity to be “open” in all the cases. Vortex inside the cavity was stronger
for the case of laminar upstream boundary layer in comparison with turbulent case.
Figure 2.6 shows the dimensionless plots of "! E ! in two vertical lines among the cavity’s
width. Shear stress is close to zero inside the cavity and there is a peak in shear stress at
the mouth of the cavity (y/L = 0) for the turbulent incoming boundary layer. However,

>F G F


value is negligible in comparison with

"′ "′
I2
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. Figure 2.7 shows the dimensionless

plots of"! "! in different vertical lines among the cavity’s mouth. It can be seen that

Reynolds shear stress is higher in the turbulent case.

Fig. 2.6.. Dimensionless shear stress in two vertical lines among the cavity for laminar (square)
(square
and turbulent (circle) upstream boundary layer ((Grace
Grace and Dewar, 2004)
2004

Fig. 2.7.. Dimensionless shear stress in two vertical lines among the cavity for laminar (square)
and turbulent (circle) upstream boundary layer ((Grace
Grace and Dewar, 2004)
2004

Esteve et al. (2000) did experiments on a shallow cavity with W/D of 10 using two
components LDV. The in
incoming boundary layer was turbulent (Tu = 1%) and upstream
velocities were 10 and 20 m/s. They found that the cavity is in transitional region. They
found no reattachment
ment of flow inside the cavity and a stagnation point has been detected
inside the cavity.
Yang et al. (2002) conducted experiments and developed a CFD model
mode to study a
rectangular cavity. Experiments were done using LDV in a water tunnel and a FVM
12

(Finite Volume Method) (Patankar, 1980) code was used for the numerical model. The
cavity was a shallow one with different aspect ratios (2, 4, 8 and 16) with upstream
velocities (0.28, 0.53, 1.12 and 2.23 cm/s) with laminar boundary layer that for each
aspect ratio resulting Re = 50, 100, 200 and 400. They found the critical Re of ≈ 295 and
that for Re > Recr flow becomes unstable. They also predicted the critical Re to be larger
in the case of turbulent incoming boundary layer.
 Hot-wire Studies
Hardin and Block (1979) studied flow over rectangular cavities using hot wire
anemometry. The main objective of their work was to conduct experimental data for their
discrete vortex model. The discrete vortex model was presented in their previous work
(Hardin and Block, 1977) to evaluate cavity noise production. The experiments were
conducted in Re = 5×105, and the characteristic length was half of the cavity’s length.
W/D was also changed in three levels (0.78, 2.35 and 5.01). They found that the vortex
model had a good performance in terms of predicting the mean velocity profiles.
However, the model tended to overestimate the value of the turbulence intensity.
Triangular/Trapezoidal and Semi Circular Cavities
Of the very few papers on other geometries, Ozalp et al. (2010) studied triangular,
rectangular and semi-circular cavities with W/D=2 using PIV. The experiments were
conducted in three different upstream velocities resulting Re of 1230, 1470 and 1700.
The effect of cavity’s shape has been studied on the vortex structure inside the cavity.
They found that cavity’s shape was the most effective parameter influencing the vortex
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shape inside the cavity. However, with varying Re slightly different vortex characteristics
and turbulence intensities were observed.
2.5. Numerical Studies
Rectangular Cavities
Ritchie et al. (2010) presents results from a URANS CFD model validated by
their PIV experiments on two shallow cavities (W/D of 5 and 14). They varied the
upstream velocities to characterize open and close cavities in transonic speeds. Moreover,
they used realizable kԑ turbulence modeling which has been known to give better results
in high shear flows in comparison with standard kԑ (Launder and Spalding, 1972).
Larchevequ et al. (2003) used Large Eddy Simulation (LES) (Sagaut and Meneveaue
1998) in Re= 6×105 on a deep cavity with W/D=0.41. They found the shear layer to be
highly dependent on the incoming flow turbulence.
Assimakopoulos et al. (2003) studied two rectangular cavities with W/D ratios of 0.5,
1, 2 and 3 with an environmental application. The cavities were representing street
canyons. They used MIMO model (Kunz and Moussiopoulos, 1995) with k-ԑ as the
turbulence modeling. They found the cavity to be “open” in all the cases and further
discussion was made on pollutant dispersion inside the cavity. Figure 2.8 shows the
streamlines around the cavity for one of the configurations studied. A dominant vortex
inside the cavity is detectable and the cavity is “open”.
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Fig. 2.8. Streamlines and vortex generated inside the cavity (Assimakopoulos et al , 2002)

Triangular/Trapezoidal Cavities
Gaskell et al. (1999) developed an FEM (Finite Element Method) (Patankar, 1980)
code to solve Navier-Stokes equations for laminar condition. They studied Re in the
range of 2√3 to 1000√3. They varied W/D ratio and β (the bottom angle of the triangle)
and plotted streamlines. They found one up to four vortices formed inside the cavity.
Four vortices were formed in the deepest cavity. They found the geometry to be an
important factor on vortex characteristics in comparison with Re.
Although rectangular cavities have been deeply studied, there are not many papers on
flow over trapezoidal cavities. William et al. (1992) developed a FDM code to study a
simple geometry of a trapezoidal cavity with one moving wall. Moving wall is referring

to the boundary condition of I = I7KLL in the mouth of the cavity. In other words a

cavity with moving wall can be described as a closed system and flow movement inside
the cavity is due to the movement of the mouth of the cavity. With their code, they could
just validate their results for Re<500. They found the vortex inside the cavity become
more circular with increasing Re.
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Zhang et al. (2010) developed a numerical method for simple trapezoidal cavities
with one moving wall for very low Re using Latice Boltzman (Chen and Doolen, 1998)
for different Re, between 100 and 15000. They found the vortex dynamics to become
more complex with increasing Re. The W/D was set 1.8 and β was 60. Figure 2.9 shows
the streamlines inside the cavity for Re =1000. A dominant vortex with a small vortex in
the downstream part of the cavity are detectable.

Fig. 2.9. Stream line function for Re = 1000 (Zhang et al., 2010)

2.6. Summary of literature review
In this chapter some theoretical background and summary of literature in the area
of flow over cavities was reviewed. Different experimental and numerical methods have
been used to investigate cavity flows. Rectangular cavity has been studied for a wide
range of Re, turbulence intensities and W/D ratios. However, there are relatively less
papers found on trapezoidal cavities and flow over trapezoidal cavities has not been yet
well described.
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CHAPTER III
III.METHODOLOGY
In this work, a combination of wind tunnel experiments and numerical simulation has
been applied. A CFD model has been developed and validated using limited experimental
data. Three factors have been selected for the study. Re (60000 [Uupstream= 5m/s], 123000
[Uupstream= 9.5 m/s] and 181000 [Uupstream= 15 m/s]), Tu (0.67%, 5% and 15%) and W/D
(2, 4 and 6). The combination of factors and levels give 27 possible cases. The results
from the CFD model and experiment are compared for one case (W/D=2, Re=123000
and Tu=0.67%) to check the performance of the model. After making sure that the results
of the model are in agreement with the experimental results, the model was ran for
27cases and the results are analyzed.
The experimental setup and apparatus details and the CFD model developed as well
as the design of the study will be presented in this chapter.
3.1. Wind tunnel experiments
3.1.1. Closed loop wind tunnel
The experiments were conducted in a closed loop wind tunnel located in B05
Essex Hall, University of Windsor, with a test section of 4.0 m as shown in Fig. 3.1. The
cross section of the wind tunnel in the test section is 30 inches (762 mm) high and 30
inches (762 mm) wide. The maximum free stream velocity in the wind tunnel is 20 m/s
when the test section is empty. In the presence of the perforated plates and/or setup, the
maximum free-stream velocity is approximately 11 m/s.
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The setup was placed close to the end of test section as shown in Figs. 3.2. and 3.3.
The inlet flow in the empty wind tunnel is laminar and the velocity profile inside the
wind tunnel is assumed to be uniform.
The upstream velocity in this work is defined as the velocity before the setup and Re
was calculated based on this velocity, using the width of the cavity as the specific length.
The free-stream velocity was measured with the pitot-static tube and a digital manometer.
The Pitot - static tube was placed at the center of the wind tunnel before the test section.
In order to reach to the steady state condition, a period of 15 minutes is required and
experiments were done after 15 minutes of warm up. The turbulence intensity of the flow
in the empty wind tunnel (without perforated plates) was measured as to be 0.67%.

Fig. 3.1. Overall view of the closed loop wind tunnel

Fig. 3.2. Top view schematic of the closed wind tunnel
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The setup was placed in the middle of the wind tunnel to avoid wind tunnel’s
boundary layer effect. Moreover, the model had to be suspended in wind tunnel;
otherwise, the bottom of the wind tunnel had to be cut.
3.1.2. Traverse system
The probe was moved with a 2D traverse system with a resolution of 0.1 inches
(2.54 mm). The traverse system was fixed with wood pieces to reduce the vibration
induced by wind and was controlled with a computer program. Figure 3.3 shows the 2D
traverse system installed in the wind tunnel.

Fig. 3.3. The 2D traverse system

3.1.3. Experimental model
The experimental setup was built out of wood. The schematic views of the
designed model can be seen in Fig. 3.4. Solid wood was chosen to have a smooth surface
with reasonable weight. The weight of the model was very important because the cavity
had to be suspended in the wind tunnel.
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711.2 mm

Fig. 3.4. Schematic view of the model and the model in the wind tunnel

The dimensions of the trapezoidal cavity are shown in Fig. 3.5. The blockage factor
for this work is 7%
% which is acceptable ((Barlow, 1999). The blockage factor is defined as
the ratio of the setup’s depth to the wind tunnel’s height.

Flow direction

Fig. 3.5. Dimensions of the trapezoidal cavity in (mm) (cross section)
section

The columns of the setup keep the cavity 355.6 mm from the wind tunnel’s floor (see
Fig. 3.4.). The flow separates at the beginning of the leading edge (sharp edge).
edge) The
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length of the leading edge of the cavity which is 203.2 mm (8 in) is to give space to flow
to reattach and form the boundary layer on it.
The length of the cavity (Г) is 711.2 mm (28 in). This length was chosen to be large
enough to have a 2D cavity. In a 2D cavity the flow characteristics can be presented in
two dimensions (x and z in this case). In the case of this study as Г/D is 14 flow
characteristics can be considered 2D according to Faure et al., (2007). Furthermore, the
length of the cavity should be less than the wind tunnel width for installing and removing
of the setup. As the width of the wind tunnel is 762 mm (30 in), there is a 25.4 mm (1 in)
gap on each side.
3.1.4. Hot-wire anemometer
Velocity measurements are conducted using a 1D boundary layer hot-wire probe
type 55P15 which is installed on a Dantec streamline 55C90 constant-temperature
anemometer (CTA). The original data from hot-wire anemometer is in terms of voltages
and further is converted into velocity using a MATLAB code. The experiments were
conducted at a sampling frequency of 80 kHz. In the present work, the analog signal from
the hotwire was low pass filtered at 30 kHz. The sampling frequency of 80 kHz is chosen
to be more than twice the Nyquist frequency to avoid aliasing problems (Proakis and
Manolakis, 1992).Furthermore, at each point, a sample of 2×106 is taken (see Appendix
A.2.).
The streamline probe calibration system is used to find the relation between the
voltage reads and the velocity. The calibration unit (Dantec 90H10) consists of a
calibration module, and a nozzle for the flow. To calibrate the probe, the probe’s wire
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should be mounted at the opening of the nozzle and at the center of it. There are some
preset values for velocities and the device calibrates the velocity with those values within
some iterations. After the iterations, the system gives five coefficients, C0, C1, C2, C3, and
C4 to relate voltages to velocity values.
U= C0 + C1E1 +C2E2 + C3E3 + C4E4

(3.1)

Fig. 3.6. The calibration box

3.2. CFD model simulation
A CFD model has been developed to study the flow over and inside a trapezoidal
cavity. As the experimental data collected from wind tunnel was used for the validation
of the CFD model, the dimensions of the CFD model are set the same as the experimental
setup.
ANSYS FLUENT 14 has been used for this research which works based on Finite
Volume Difference (FVM method). ANSYS FLUENT has been known to give accurate
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results for different fluid engineering applications. The grid was generated with GAMBIT
software. After building up the mesh, it was imported into the FLUENT software. The
next step was to set the software’s options appropriately. These options identify the
solver, boundary conditions, equations to be solved and time step for the simulation
(ANSYS FLEUENT manual).

3.2.1. Grid Generation
A 2D fully structured multi block quad mesh with 732700 elements has been
generated using GAMBIT software. As the length to depth ratio of the cavity is very high
(14), the nature of flow inside the cavity has been assumed as to be 2D. The hypothesis of
2D flow in this case is reasonable. In some references it has been stated that for the cases
with Г /D ratio greater than 7 the 2D flow scenario is realistic (Faure et al., 2007).
In mesh generation, there has been an effort to have finer elements in the areas
expecting sharp gradients in flow properties. In the grid domain, if the length of the setup
is M, a distance of 6M has been left from the inlet to the cavity. This distance has been
chosen to let the flow coming from the inlet to become fully developed. The 16.8M
distance behind the cavity has been left to completely capture the interaction between the
flow going above and underneath of the cavity (See Fig. 3.7. a). The flow going
underneath of the cavity will affect the flow above the cavity.
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.a.)The schematic of the simulation domain

.b) The boundary layer mesh on the edge of cavity
Fig.3.7. Simulation domain and boundary layer mesh

Figure 3.7.b shows the boundary layer mesh on the edges of the cavity. The boundary

layer mesh on the edges gives more control on the value of y / on the edges. The value of

y / can be checked in FLUENT and it was less than one on the edges of the cavity as part
of requirements of the turbulence modeling approach used in this work. According to y /

definition, to have lower value of y / (as the value of y+ is calculated by the first row’s
element size.), finer mesh is required on the edges and hence, more number of elements
in the domain.
A zoomed in view of the mesh generated close to the cavity can be found in Fig. 3.8.
It can be seen that there has been an effort to have finer mesh at the corners and edges.
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Fig. 3.8. Overall view of the mesh around the cavity

3.2.2. Boundary Conditions
The boundary conditions chosen for this simulation were velocity inlet in the
inlet, outflow in the outlet and wall on the cavity surfaces and wind tunnel walls. Two
parameters should be set to describe the turbulence characteristics of the flow in the inlet.
These two parameters are turbulent intensity and turbulent length scale. For example, in
the specific case that has been used for model validation, the turbulent intensity is 0.67%
which is the level of turbulence measured in the empty wind tunnel and the depth of the
cavity has been chosen as the length scale for the turbulent flow.
No slip stationary wall is the boundary condition set for all the edges. The roughness
height of the experimental model has been measured and imported into the CFD model to
make the conditions of the CFD model as close as possible to the experimental setup
(see Appendix A.3).
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3.2.3. Governing equations
Continuity equation coupled with momentum equations are solved simultaneously
in the domain. For the turbulence modeling different turbulence modeling methods have
been tested. Standard k-ε (Launder and Sharma, 1974), k-ω standard (Wilcox, 1998), k-ω
SST (Menter et al., 2003), k-kl-ω (Walters and Cokljat, 2008) and Reynolds Shear
Method (RSM) (Sarkar and Balakrishnan, 1990) were tested. In all the turbulence
modeling approaches enhanced wall treatment was applied.
Instead of wall treatments, wall functions can be applied which are empirical
functions for the velocity boundary layer in the area close to the wall. They are less
precise in comparison with wall treatment. It does not require very fine mesh on the walls
which reduces the computational cost. Using wall function is useful in industrial
applications which do not require too much precision (Help FLUENT).
Turbulence modeling approaches add some additional equations to continuity and
momentum equations. Modeling approaches of k-ε and two k-ω add two equations. The
k-kl-ω modeling approach adds three equations and Reynolds Shear Stress (RSM) adds
five. The k-kl-ω model can be used effectively where there is transition between laminar
and turbulent regime. In addition, k-ε does not give accurate results in the presence of
adverse pressure gradient (Help FLUENT). In this work k-kl-ω has been chosen. The
governing equations and turbulence modeling formulation are brought in (Appendix A.4)
in more detail.

26

3.2.4. Solver
A 2D transient pressure-based solver with time step of 0.05 sec was used. The
general options for the solver can be found Fig. 3.9. The figure shows the solution
methods and the special discretization method used for each differential governing
equation. The transient simulation gives the same results with the steady state simulation
case.
As it can be seen, the Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) (S.V. Patankar and Spalding, 1972) scheme has been used for this work.

Fig. 3.9. General setup and Solution methods and discretization

3.3. Study design
A CFD model has been built up for this study as explained. A set of wind tunnel
experiments have been used to validate the model. The results from experiments and the
CFD model have been compared for the case with the upstream velocity of 9.5m/s,
turbulence intensity of 0.67% and for the cavity with aspect ratio of 2. The turbulence
intensity of 0.67% is the value of turbulence intensity measured in the empty wind tunnel
at 9.5 m/s. Moreover, the dimensions of the experimental setup and CFD model are the
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same. In addition, the roughness of the experimental setup has been imported into the
model.
In this study, upstream velocity (Uupstream) and turbulence intensity (Tu) of the
upstream flow are referring to the velocity and Tu of the flow at inlet. The velocity right
before the cavity is the same as the velocity in the inlet as the wind tunnel’s cross section
is constant. However, the Tu of the flow when reaches the cavity is lower in comparison
to the Tu of the flow in inlet as the turbulence of the flow is damped. For the case with
Tu of 0.67% the difference between the turbulence level in the inlet and before the cavity
is negligible. Hence, the case with Tu of 0.67% has been chosen for validation purpose
(Details can be found in Appendix A.7). For the case with 5% of turbulence, around
1.4% reaches to the cavity and for the case with 15%, the level of turbulence of the flow
is only around 4.5% when flow reaches to the cavity.
The effect of Re (Uupstream) and Tu of the flow on vortex characteristics, shear layer
growth of the cavity and flow field inside the cavity and the air exchange volumetric flow
rate from the cavity have been investigated.
To understand the effect of W/D, the CFD model has been modified to have cavities
of aspect ratio of 4 and 6 as well. It should be mentioned that, the grid generation for all
the models have follow certain instruction, i.e. element sizes, stretch factors, etc. are the
same for all three cases. As the width of the cavity remains constant for all the cases (see
Fig. 3.10), in this work Re is calculated based on cavity’s width to have the same Re for
all aspect ratios at each upstream velocity. Re based on cavity width is calculated as to be
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≈ 60000 for Uupstream = 5 m/s, 123000 for Uupstream = 9.5 m/s and 181000 for Uupstream =
15 m/s. Table- 3.1 shows a summary of effective parameters and their levels:
Table- 3.1- Summary of the parametric study
Factor
W/D

Uupstream (m/s)

Tu (%)

2
4
6

5
9.5
15

0.67
5
15

Level
1
2
3

Fig. 3.10. Different aspect ratios of the cavity

As there are three factors for this study (W/D, Uupstream and Tu) and each factor has
three levels, there are possible 27 cases in hand (3×3 = 27). The model has been run for
all the 27 cases. The effect of W/D, Uupstream (Re) and Tu has been studied statistically
using Minitab software. The effect of these parameters is studied on the normalized air
exchange volumetric flow rate from the cavity (Qnormalized), the normalized horizontal
position of the center of vortex (x/L), the normalized vertical position of the center of
vortex (y/D), the cavity type (“open” or “closed and transitional”) and number of vortices
inside the cavity.
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The center of vortex is identified by zooming in into the streamlines inside the cavity.
The air exchange volumetric flow rate is calculated by integration on the vertical velocity
profile at the mouth of the cavity. The cavity type is identified based on the definition of
“open” and “closed and transitional” cavities (see page 4).
The air exchange volumetric flow rate from the cavity is normalized by the volume of
the cavity. The horizontal position of the center of the vortex is normalized by the length
of the mouth of the cavity. The vertical position of the center of the vortex is normalized
by the depth of the cavity.
The effect of W/D, Uupstream and Tu on vortex characteristic and shear layer growth
above the cavity and vorticity inside the cavity has been studied in more detail as well.
Results from the few cases of the CFD runs are presented and discussed in more details.
More results are presented in Appendix. A.8.
3.4. Experiment details
Six velocity profiles are measured above and behind the cavity. The lines of
velocity measurements and their positions are shown in Fig. 3.11.

Fig. 3.11. Position of lines of velocity measurements
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Velocity profile on Line 1 is the profile of the flow that enters the cavity and Line 2 is
right in the middle of cavity’s width and Line 3 is the velocity profile of the flow leaving
the cavity. Hence, a distance of 4 inches (101.6 mm) is in between each two of the lines.
Moreover, velocity profiles on three vertical lines behind the cavity have been measured
to check the performance of the model to predict the wake behind the cavity. Line 4 is 5
inches (76.2 mm) behind the cavity to check the wake behind the cavity from CFD and
experiment. Lines 5 and 6 are at the distance of 5 inches (76.2 mm) farther downstream.
All the experimental results are conducted with an inlet velocity of 9.5 m/s and Tu of
0.67%. In addition, the setup was fixed close to the end of the test section of the wind
tunnel and the distance of the leading edge of the cavity from the beginning of the test
section was 3.5 m.
For velocity measurements on Lines 1 and 3, the probe was placed at 0.1 inches (2.54
mm) above the cavity’s mouth level. The probe was moved up 2.9 inches (73.66 mm) 0.1
inches at each step by traverse system. Therefore, after 30 points of measurement the
probe was placed 3 inches (76.2 mm) above the cavity.
Five replications have been done to measure the velocity profiles above the cavity.
The reason of these replications was to reduce the effect of human error and check the
experiment’s repeatability. For each replication the setup was installed inside the wind
tunnel and the position of the setup was marked in the wind tunnel and the velocity was
set to be 9.5 m/s with pitot-static tube. Re is calculated based on the cavity’s mouth
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length for the upstream velocity of 9.5 m/s. The uncertainty analysis for Re have been
calculated in (Appendix A.5).
OP =

Q
R

= $9.5 × 0.2033&/$15.68 × 10YZ & & = 123112 ± 471

(3.2)

Cavities with aspect ratio of 2 and 4 have been studied for rectangular cavities (Grace
and Dewar; Lin and Rockwell, 2001). The aspect ratio of 2 can be representing a
roadway with two lanes with a trapezoidal section. The aspect ratio of 4 can be
representing a wider road and the aspect ratio of 6 can be assumed as a highway.
Although the results of this work cannot be interpreted into the real case geometry
without scaling study, it is better to study the geometries that can have applications in the
real world. Moreover, the upstream velocities of this work have been studied for
rectangular cavities previously (Grace and Dewar, 2004). Tu in the study is referring to
the Tu of the flow in inlet. The Tu = 0.67 is the level of turbulence measured in the empty
wind tunnel representing the laminar flow that approaches the setup. The other two levels
of turbulence intensity are to see how increasing the turbulence intensity will affect flow
characteristics above and inside the cavity as usually in engineering applications the
working flow is turbulent. It should be mentioned that as the cavity has been placed
suspended inside the wind tunnel, the boundary layer on the leading edge of cavity is
turbulent due to the presence of cavity and the turbulence generated by the setup.
In this chapter, the experimental apparatus, the CFD model options, and details for
the experiments were presented. Furthermore, the design of the study, the effective
parameters and their levels were presented. In the next chapter, the experimental result
and CFD results will be presented and discussed.
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CHAPTER IV
IV. RESULTS AND DISCUSSION
4.1. Experimental results
Figure 4.1.shows the velocity profiles for Lines 1 to 3. In the plots the velocity at
each point has been non-dimensionalized with the upstream velocity and the probe
position has been non–dimensionalized with the cavity’s depth which is 2 inches (50.8
mm).
Five replications are in hand for these lines. Experiments A, B, C, D and E were done
at the same W/D (W/D = 2) and velocity in the inlet (Uupstream= 9.5 m/s) and Tu= 0.67%.

 has been found to be ≈ 3% at this Re.
The relative bias uncertainty in the value of U
However, taking the replications into account, for a point on Line 3 that has the closest

distance to the cavity’s edge, the total uncertainty has been found ≈ 14%. As hotwire has
been known to have better results far away from the walls, total uncertainty has been
calculated on a point very close to the cavity’s edge as an example. Calculations for the
uncertainty analysis of hot-wire measurement can be found in Appendix A.6.
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a) Velocity Profiles on Line. 1

b) Velocity Profiles on Line. 2

c) Velocity Profiles on Line. 3
Fig. 4.1. Velocity Profiles above the cavity

Figure 4.2 shows the velocity profiles behind the cavity for Lines 4, 5 and 6
respectively. It can be seen that Line 4 has the most drastic velocity drop because it is the
closest one to the cavity. Hence, this area is in the strong wake area behind the cavity.
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Moving farther downstream, it is visible that the velocity drop has been reduced and the
velocity profile is closer to a uniform profile.

Fig. 4.2. Velocity profiles for Lines 4, 5 and 6

4.2. CFD model validation
To check the validation of the model, first it is required to check that the results of
the model are not dependant on the grid generated. The effect of number of elements in
the grid on velocity pofile on Line.2 has been checked for an example that the the results
of the CFD simulation are grid indipendent, i.e. the grid is fine enough.
Figure 4.3 shows the non–dimensionalized velocity profiles on Line 2 for different
grids. The 89000 element grid is the coarsest grid and the 879000 element grid was the
finest grid checked. It can be seen that the profile does not change significantly when the
number of elements increase from 590000 elements on. The grid with 732700 elements
was chosen to keep the y / below 1 as part of the requirements for the turbulence
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modeling which is chosen for the CFD model. The velocity profile obtained from the
chosen grid is not different with the ones from 590000 and 879000 element grids. Hence,
the results from the CFD model are grid indipendent.

Fig. 4.3. Velocity profile on line 2 (Different grids with different number of elements)
After checking the grid independency of the model the results of the model are
compared with experimental results obtained from conducted wind tunnel experiments.
Velocity profiles on 3 vertical lines above the cavity and 3 vertical lines behind the cavity
from the CFD model are compared with the experimental results to see the performance
of the model. The velocity in inlet was set as to be 9.5 m/s and the Tu was set 0.67% to
duplicate the conditions of the experimental results. The model was run with different
turbulence modeling approaches to see which turbulence model gives better results.
Figures 4.4 and 4.5 show the velocity profiles on the lines 1 to 6. For Lines 1 to 3
five replications were in hand and the average value of the measurements at each point
was taken.
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a) Velocity profiles on Line. 1

b) Velocity profiles on Line. 2

c) Velocity profiles on Line. 3
Fig. 4.4. Velocity profiles on lines 1, 2 and 3 (Comparison between results from
experiment and the CFD model with different turbulence modeling)
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a) Velocity profiles on line. 4

b) Velocity profiles on line. 5

Velocity profiles on line. 6
Fig. 4.5. Velocity profiles on lines 4, 5 and 6 (Comparison between results from experiment and
the CFD model with different turbulence modeling)

It can be seen from the figures that k-kl-ω and RSM are giving closest results to the
experimental data. K-ω-SST predicts a sharp gradient in the boundary layer above the
cavity which is unrealistic. The biggest difference between the experimental and
numerical results happens on Line.3 and close to the wall. The difference is because of
the separation of the flow at the trailing edge of the cavity. It is worth noting that this
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profile can only be seen right on the trailing edge of the cavity according to the CFD
model. It has been seen that this unique profile is not detectable if the location of the line
is moved 0.1 inches (2.54 mm) either upstream or downstream. Therefore, experimental
results on this line are very sensitive to the probe positioning. However, there is a
reasonable agreement between the experimental and numerical results.
To check the performance of the model quantitatively, the local difference between
the results from experiment and CFD has been calculated. The local difference (∆) is
presented as:
∆= |

$I) $P`a& − I) $b" &&
| × 100
$I) $P`a& + I) $b" &&
2

(4.2)

Figure 4.6 shows the local difference versus vertical position for lines 1 and 3. The
local difference has been calculated for k-kl-ω and RSM. It can be seen that the
maximum difference occurs close to the wall for both lines and the two models show quit
the same performance in terms of predicting the velocity profiles on these lines. One
explanation on the big local difference close to the wall is that velocity is lower close to
the wall and $I) $P`a& − I) $b" && is divided to a smaller value. Hence, the local

difference increases significantly getting close to the wall.

Therefore, the CFD model with k-kl-ω and RSM turbulence modeling methods is
valid to an acceptable level. From Fig. 4.6. , it can be observed that k-kl-ω is having
lower value of local difference in some regions. RSM found to have convergence issues
and required very small time steps in the simulation, i.e. the time step for k-kl-ω was set
0.1 seconds whereas for RSM a minimum time step of 10-5 was required for the
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simulation. It is worth mentioning that as RSM adds 5 equations to the model and due to
the very small time step required, hence, the computational cost drastically. Hence, k-klω model was chosen for this study.

a) Local difference vs. vertical

b) Local difference vs. vertical

position on Line.1

position on Line 3

Fig. 4.6. The local difference vs. non-dimensional vertical position (Lines 1 and 3)
After checking the performance of the model with experimental results the CFD
results for the tested model can be discussed. Flow characteristics, i.e. streamlines,
pressure domain, Vorticity magnitude contour inside the cavity and velocity contour
around the cavity are discussed for the case that has been compared with experimental
data.
Figure 4.7 shows the position of the coordinate system that the CFD results have
been presented with respect to, as well as the position of three lines (b1, b2 and b3).
These lines will be used to plot some properties on them. These lines start from the
bottom of the cavity and end 3 inches (76.2 mm) above the cavity.
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b3

b2

b1
Mouth of the Cavity

y
x

Fig. 4.7. The coordinate system set for the CFD results
Figure 4.8 shows the flow streamlines around the cavity. It can be seen that the flow
separates when hitting the leading edge of the setup and reattaches the surface. The
vortex size on the separation point is around 25 mm along the leading edge of the cavity
which is fairly small in comparison with the length of the leading edge which is
203.2 mm.
Moreover, one dominant vortex can be seen inside the cavity which rotates
counterclockwise and a very small vortex is detectable in the leading corner which is
rotating clockwise. Hence, the cavity is open. In addition, two vortexes are illustrated in
the wake region behind the cavity.
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Fig. 4.8. Flow streamlines in the baseline simulation
The static pressure contour around the cavity has been illustrated in Fig. 4.9. A closer
view of the beginning of the leading edge has been shown with streamlines on it to better
see the vortex due to the flow separation. It can be seen that the static pressure remains
constant on the leading edge and an area of high static pressure can be seen underneath of
the cavity and gradients in static pressure are detectable.

Fig. 4.9. Static pressure contour around the cavity (Pa)
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The contours of velocity and Z-vorticity magnitude can be seen in Figs. 4.10. and
4.11. It is obvious that the Z-vorticity in this case is in + direction according to the
velocity direction and the coordinate system chosen as the vortex inside the cavity is
counterclockwise.

Fig. 4.10. Velocity contour around the cavity

Fig. 4.11.Vorticity contour inside the cavity
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A very high vorticity area is visible at the very opening of the cavity because of the
sudden expansion of flow. At this area an intense thin shear layer starts to form and that
created this very high vorticity area there. This area has been omitted from the contour to
see the vorticity gradient inside the cavity better. It can be seen that vorticity magnitude is
higher at the trailing edge as expected as the flow rotates close to the trailing edge.
However, due to the diffusive nature of turbulence, the vorticity has been diffused toward
the leading edge (Grace and Dewar, 2004). In addition, it can be seen that vorticity
magnitude in the mouth of the cavity is of a higher order in comparison with the vorticity
magnitude inside the vortex.
Moreover, as explained before, the cavity is placed suspended inside the wind tunnel.
A comparison between the case that cavity is installed at the bottom of cavity and this
study has been done numerically. A CFD model was developed to simulate the cavity
placed at the bottom of the wind tunnel. There has been an effort to use the same meshing
scheme and boundary conditions for both cases. Figure 4.12 shows flow streamlines for
two cases and Fig.4.13. shows the static pressure contour for both scenarios.

Fig. 4.12. Flow streamlines (Left side: suspended cavity, right: cavity at the bottom)
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Fig. 4.13. Static pressure contour inside the cavity (Left side: suspended cavity, right: cavity at
the bottom)

In both cases the cavity is found to be open and a single dominant vortex is detectable
inside the cavity and static pressure contours show that both cases are quite similar.
However, vortex shapes are a little bit different and center of vortex is 4 mm closer to the
trailing edge for the case that cavity placed in the bottom of wind tunnel.
Figure 4.14 shows the shear layer growth above the cavity on contour of X-velocity.
Shear layer above cavities in this work is defined from the zero X-velocity line inside the
cavity to the free stream velocity. As the vortex is rotating, on a vertical line normal to
the direction of the flow, at one point the x component of the velocity goes to zero and
the flow changes the direction. The line with zero X-velocity has shown in the figure as
well.
It can be seen that at the boundary of flow approaching the cavity starts from the
leading edge and is around 20 mm as it can be illustrated in the figure. The shear layer
becomes thicker farther downstream. The maximum shear layer thickness occurs on x ≈
50 mm and the shear layer thickness is around 50 mm. This shows that the flow above
and inside the cavity are more mixed in the trailing edge of the cavity. This larger shear
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layer thickness shows that the flow above the cavity is more dispersed into the cavity and
vice versa.

0

Fig. 4.14. Shear layer growth above the cavity on X-velocity contour
Moreover, a zoomed in view of the boundary layer approaching the cavity can be
seen in Fig. 4.15. It can be seen that flow has been fully developed and enters the cavity
perpendicularly.

Fig. 4.15. The zoomed-in boundary layer approaching the cavity
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Figure 4.16 shows Y-velocity on the mouth of the cavity. It can be seen that at the
opening of the leading edge the velocity is in negative direction and at the trailing edge
the value is positive. The volumetric flow rate, Q [m3/s] is defined as:
c = d efg = h d ef`

(4.3)

where L is the unit length of the cavity in z direction. Therefore, the volumetric flow rate
is calculated per unit length of the cavity. The net volumetric flow rate at the mouth of
the cavity has to be zero as the flow is incompressible and the amount of flow that enters
the cavity escapes the cavity as well. However, this integration at the portion of the
mouth of the cavity in which the velocity magnitude in positive, i.e. flow is leaving the
cavity, will give the amount of mass of air which is exchanged in the mouth of the cavity.
For this case, this value has been calculated as to be 0.0351m3/s. This value is the
volumetric flow rate that leaves the cavity. The value that enters the cavity has been
calculated as to be 0.0349 m3/s. The difference between these two values is around 2%.
This value can be normalized by the volume of the cavity. For the case with W/D of 2,
the area of the cavity is calculated to be 0.00775 m2; hence the volume of the cavity for a
unit length in z- direction will be 0.00775 m3. Therefore, the normalized exchanged air at
the mouth of the cavity will be:

m
n
i.iioo 

i.ijkl

= 4.534
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.

Fig. 4.16. Y-velocity profile on the line mouth of the cavity

4.3. CFD results and analysis
As explained in section 3.3, considering 3 factors and 3 levels for each, there are
27 possible combinations (see Table- 3.1). The CFD results from the 27 cases are
presented. The effect of Uupstream, Tu and W/D ratio on normalized air exchanged rate
from the cavity (Qnormalized), normalized position of the center of the vortex (x/L and
Y/D), the type of the cavity; i.e. “open” or “closed and transitional”, and the number of
vortexes inside the cavity have been studied statistically.
The volumetric flow of air exchange rate at the mouth of cavity is normalized by the
volume of the cavity. The horizontal position of the center of vortex (x) is normalized by
the length of the cavity’s mouth (L) and the vertical position of the center of vortex (y) is
normalized by the depth of the cavity (D). Table- 4.1 shows the length, depth and volume
of the cavity for different aspect ratios.
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Table- 4.1 Length, depth and volume of the cavity for different W/D ratios
W/D

Cavity’s length (mm)

Cavity’s depth (mm)

Volume of the cavity
(m3)

2

203

50.8

0.00775

4

203

38.9

0.00657

6

203

25.4

0.00451

A summary of all the factors and responses are presented in Table- 4.2. In the cavity
type column 0 is referring to “open” cavity and 1 is referring to “closed and transitional”
cavity. Note that at each Uupstream, Re is constant for different aspect ratios.
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Table- 4.2 Summary of all simulation results

2.396

107.6

0.53

-24

-0.47

0 1

2

2

0.67

9.5

123000

0.035

4.534

99.5

0.49

-24

-0.47

0 1

3

2

0.67

15

181000

0.054

6.960

95.41

0.47

-24

-0.47

0 1

4

2

5

5

60000

0.019

2.426

111

0.54

-24

-0.47

0 1

5

2

5

9.5

123000

0.035

4.518
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0 1

6

2

5
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0 1

7

2

15

5

60000
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-0.47

0 1

8

2

15

9.5
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0.035

4.534

107.6

0.53

-24

-0.47

0 1

9

2

15
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-24
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0 1
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4
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5
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4
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4

5

5
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4

5
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0 1

15

4

5

15
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0.085

12.95

142.1

0.70

-16.3

-0.42

0 1

16

4

15

5

60000

0.030

4.645

146.2

0.72

-16.3

-0.42

0 1

17

4

15

9.5

123000

0.055

8.397

144.1

0.71
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0 1

18

4

15

15

181000

0.085

12.92

144.1

0.71
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-0.42

0 1

19

6

0.67

5

60000

0.042
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0.80
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6

0.67

9.5

123000
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17.31
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-0.51
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21

6

0.67

15

181000
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0.79
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22

6

5

5

60000
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0.80
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-0.51

1 2

23

6

5

9.5

123000
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-12.9

-0.51

1 2
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6

5

15
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27.02
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0.79
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25

6

15

5
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6
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9.5

123000

0.078

17.26
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27

6

15

15
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26.99
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Inside

0.018

Number of
vortexes

Cavity type

60000

y/D

x/L

5

y (mm)

x (mm)

Qnormalized
(1/s)

0.67

Q (m3)

2

Re

Uupstream
(m/s)

1

W/D

Tu%

#

The significant factors on each response are listed in Table- 4.3. For all the cases the
full model with all factors and possible interactions was initially tested and insignificant
factors were omitted from the model (See Appendix. A.9).
The percentage of R-Squared that has explained by each factor with the total RSquared and Adjusted R- Squared are listed in the table as well. It can be seen that aspect
ratio is the dominant factor affecting all 5 responses and it explained the biggest portion
of R-Squared.
Table- 4.3 Significant factors on responses

Response

Qnormalized

Individual factors
(% variance
explained)

Interaction

W/D (58%)

W/D*Uupstream (9.6 100%
%)

Uupstream (32.6%)
x/L

W/D (97.2%)
Uupstream (1.13%)
Tu% (0.5%)

R-Sq

Adj-R-Sq

(% variance
explained)

W/D*Uupstream
(0.57%)

100%

99.94% 99.80%

W/D*Tu (0.48%)

y/D

W/D (100%)

100%

100%

Cavity type

W/D (100%)

100%

100%

Number of vortex

W/D (100%)

100%

100%

Effect of factors on Qnormalized
Main effects and interaction plot for Qnormalized is shown in Fig. 4.17. Tu has little
effect on Qnormalized. With increasing W/D ratio and Uupstream, Qnormalized increases. By
increasing W/D from 4 to 6, Qnormalized increases more than when increasing W/D from 2
to 4. This happens because the cavity changes from “open” to “closed and transitional”
and more amount of air is exchanged at the mouth of the cavity. (Table- 4.2)
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There is significant interaction between W/D and Uupstream. However, it explains only
around 10% of R-Sq. This interaction is seen in Fig.4.17.b. The response is more
sensitive to Uupstream in W/D of 6 in comparison with W/D of 2 and 4.

a) Main effect plot for Qnormalized

b) Interaction plot Qnormalized
Fig. 4.17. Main effects and interaction plots for Qnormalized

52

Effect of factors on x/L
Figure 4.18 shows the main effects and interaction plots for x/L as the response. With
increasing W/D ratio, the center of vortex moves toward the leading edge (x/L increases).
The center of vortex movement is more significant when increasing W/D from 2 to 4 in
comparison with increasing W/D from 4 to 6. With increasing Tu from 0.67 to 5% the
center of vortex does not move significantly however, with increasing Tu from 5% to
15% the center of vortex moves toward the leading edge. With increasing Uupstream the
center of vortex moves toward the trailing edge (x/L decreases).
There is significant interaction between “W/D and Uupstream” and “W/D and Tu”.
However, these interactions explain only around 1% of R-Sq together. In aspect ratio of 2
the sensitivity of the response on the effect of Tu is more in comparison with W/D of 4
and 6 (see Fig. 4.18.b).
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a) Main effect plot for x/L

b) Interaction plot for x/L
Fig. 4.18. Main effects and interaction plots for x/L

Effect of factors on y/D
Figure 4.19 shows the main effect plot for y/D. For this response, the only significant
factor is W/D ratio. It can be seen that the absolute value of y/D decreases (center of
vortex moves up) with increasing from 2 to 4 and increases with increasing the aspect
ratio from 4 to 6 (center of vortex goes deeper into the cavity).
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Fig. 4.19. Main effect plots for y/D

Effect of factors on cavity type
Figure 4.20 shows the main effect plot for cavity type. For this response, the only
significant factor is W/D ratio. The cavity is “open” for aspect ratios of 2 and 4 and the
cavity alters to “closed and transitional” in W/D of 6.

Fig. 4.20. Main effect plots for the cavity type
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Effect of factors on number of vortex
Figure 4.21 shows the main effect plot for number of vortexes inside the cavity. In
aspect ratios of 2 and 4, only one vortex is detectable inside the cavity. In aspect ratio of
6, two vortexes are inside the cavity. This sudden change happens because the cavity
changes from “open” to “closed and transitional” with increasing W/D from 4 to 6.

Fig. 4.21. Main effect plots for the number of vortexes inside the cavity

The effect of W/D ratio, upstream velocity and Tu is now discussed individually and
in more details. To study the effect of each parameter, all the factors have been kept
constant and only that factor varies. Seven cases from 27 possible cases have been
chosen.
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Effect of upstream velocity
Upstream stream velocity has been varied in three levels (5 m/s, 9.5 m/s and 15
m/s) resulting Re of (60000, 123000 and 181000) on cavity with aspect ratio of 2 and
with Tu of 5%. Other factors (Tu and W/D) have been set constant for all the three cases.
Figure 4.22 show the flow streamlines above and inside the cavity.

a) Uupstream = 5 m/s,

b) Uupstream = 9.5 m/s

c) Uupstream = 15 m/s
Fig. 4.22. Flow streamlines above and inside the cavity for W/D=2 and Tu=5%

It is illustrated that with increasing the upstream velocity the vortex becomes more
aligned with the bottom of the cavity and the center of vortex inside moves toward the
trailing edge (as explained previously). However, the vertical position of the center of
vortex remains constant.
Fig. 4.23 shows the velocity vectors above and inside the cavity on contour of Xvelocity. It can be seen that in all the cases the shear layer growth and thickness of the
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shear layer is quite the same. In all the cases, an intense thin shear layer forms at the
leading edge of the cavity and the shear layer grows toward the trailing edge and the
maximum thickness of the shear layer is around 50 mm from the trailing edge. After this
point, the shear layer becomes narrower because of the effect of trailing edge.

a) Uupstream=5m/s

b) Uupstream=9.5m/s

c) Uupstream=15m/s
Fig. 4.23. Shear layer growth above the cavity (W/D=2, Tu =5%)
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Figure 4.24 shows the normalized X-velocity (



pqrstuvwx

) with normalized vertical

position (Y/D) on Line b2. It can be seen with that with increasing upstream velocity, the
non-normalized velocity profiles do not alter significantly. These profiles have been
checked for other lines as well and no significant change was observed.

Fig. 4.24. Normalized X velocity on Line b2

Figure 4.25 shows the normalized Y-velocity profiles for Lines b1, b2 and b3. It can
be seen that at the mouth of the cavity (Y/D = 0) flow has a negative vertical component
of velocity which shows that flow above the cavity is interacting with the flow inside the
cavity. Moving toward the trailing edge of the cavity, Y-velocity increases. On Line b2
the magnitude of normalized Y-velocity is larger for upstream velocity of 5 m/s which is
because of the fact that at this velocity flow has lower momentum in the x direction,
therefore, it is more affected by the expansion due to the cavity.
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a)

Line b1

b)

Line b2

a) Line b3
Fig. 4.25. Normalized Y-velocity profiles on lines b1, b2 and b3
Figure 4.26 shows the vertical velocity profile at the mouth the cavity for three
upstream velocities and the normalized volumetric flow rate of exchanged air from the
cavity (Qnormalized) has been calculated based on the method explained using these
profiles. Qnormalized increases with increasing Uupstream as explained before.
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Fig. 4.26.Y-velocity at the mouth of the cavity at different upstream velocities

Figure 4.27 shows the vorticity plots on a portion of Lines b1, b2 and b3. The plot is
zoomed in to the region of vortex presence. The idea of this comparison was borrowed
from the paper by (Grace and Dewar, 2004). They omitted the very high vorticity region
at the mouth of the cavity and close to the walls for two vortexes and compared the
maximum value of vorticity in them.
In this work, the vorticity plots on three lines among the cavity’s mouth have been
compared. If the value of vorticity for one vortex be higher on three lines, it can be
concluded that that vortex has more strength. In addition, for each case, as expected, the
value of vorticity magnitude increases moving toward the trailing edge. With increasing
the upstream velocity, the vorticity magnitude is higher; hence, the vortex has more
strength.
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a) Line b1

b) Line b2

c) Line b3
Fig. 4.27. Vorticity plots on Lines b1,b2 and b3

Effect of turbulence intensity
In aspect ratio of 2 and upstream velocity of 9.5 m/s, Tu varies for 0.67, 5 and
15%. Figure 4.28 shows flow streamlines above the cavity at different turbulence
intensities.
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a) Tu = 0.67%

b) Tu= 5%

c) Tu =15%
Fig. 4.28. Flow streamlines above and inside the cavity (W/D=2, Uupstream =9.5 m/s)

Flow streamlines have not altered significantly with increasing turbulence intensity.
However, the center of vortex moves toward leading edge with increasing turbulence
intensity from 5% to 15%. In this study, Tu values are the set at inlet. The center of
vortex for both cases of 0.67% and 5% are at ≈ 100 mm. However, for the case with
Tu=15% the center of vortex has been moved 8 mm toward the leading edge. This can be
explained based on the diffusive nature of turbulence. Basically, with increasing level of
turbulence, the momentum of the flow diffuses more into the cavity when hitting the wall
of the cavity.
Figure 4.29 show the shear layer growth above the cavity at different Tu values. It
can be seen that the shear layer growth does not change significantly.
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a) Tu = 0.67%

b) Tu = 5%

c) Tu =15%
Fig. 4.29. Shear layer growth above the cavity with increasing Tu

Fig. 4.30. shows the normalized X-velocity ( z

y

y{|}~

) with normalized vertical

position (Y/D) for the Line b2. With increasing upstream velocity, the nondimensionalized velocity profile does not alter significantly. These profiles have been
checked for other lines as well and no significant change was observed.
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Fig. 4.30. Normalized X-velocity profile on the Line b2
Figure 4.31 shows the normalized Y-velocity profiles for Lines b1, b2 and b3. At the
mouth of the cavity (Y/D = 0) flow has a negative vertical component of velocity which
shows that flow above the cavity is interacting with the flow inside the cavity. The
biggest difference in plots occurs at the mouth of cavity on line b2. This line is in the
middle of the cavity and is less affected by the effect of leading and trailing edge of the
cavity. On the mouth of the cavity the case with 15% of turbulence intensity shows the
biggest normalized y-velocity component.
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a) Line b1

b) Line b2

c) Line b3
Fig. 4.31. Normalized Y-velocity profiles on lines b1, b2 and b3
Figure 4.32 shows the vertical velocity profile at the mouth of the cavity for three
levels of turbulence and the normalized volumetric air exchange flow rate (Qnormalized) has
been calculated using these plots. Therefore, no significant difference in the values of
Qnormalized for these three cases is expected.
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Fig. 4.32.Y-velocity at the mouth of the cavity at different Tu levels

Figure 4.33 shows the vorticity plots on portions of Lines b1, b2 and b3. The vortexes
have the same strength based on the method introduced previously. The effect of Tu is
not very significant. Two main reasons for this can be listed. First, the Tu is set in the
inlet of the CFD model and as explained the level of turbulence drops when flow reaches
the setup due to energy dissipation (See Appendix A.7). Hence, for the two cases with Tu
of 0.67% and 5% there is not much difference in Tu of flow when it reaches to the cavity
(see Appendix A.7). Moreover, in all the cases boundary layer formed on the leading
edge of the cavity is turbulent. The reason is that the presence of setup by itself generates
turbulence as the cavity is suspended inside the wind tunnel. Hence, due to the limitation
of this work the comparison between laminar and turbulent boundary layer entering the
cavity is not possible.
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a) Line b1

b) Line b2

c) Line b3

Fig. 4.33. Vorticity magnitude plots on different sections among the cavity mouth

Effect of aspect ratio (W/D)
Two aspect ratios larger than two have been studied to find out how W/D ratio
affects vortex characteristics and the shear layer growth above the cavity. The aspect
ratios of 2, 4 and 6 have been studied under upstream velocity of 9.5 m/s (Re= 123000)
and Tu of 5%.
Figure 4.34 shows the flow streamlines above and inside the cavity for the aspect
ratios of 2, 4 and 6. With increasing the aspect ratio from 2 to 4 the dominant vortex
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inside has become more stretched and the center of vortex has been moved to the leading
edge. For the cavity with W/D of 6 the flow re attaches on the bottom of the cavity and
flow cannot bridge the cavity. It should be mentioned that the definition of “open” and
“closed and transitional” cavity has been borrowed from rectangular cavities into this
work. Therefore, according to the definition, the cavity with aspect ratio of 6 is “closed
and transitional”.

a) W/D = 2

b) W/D = 4

c) W/D = 6
Fig. 4.34. Flow streamlines above cavity for Uupstream = 9.5 m/s, Tu = 5%
Figure 4.35 shows the shear layer growth above the cavity. With increasing the aspect
ratio the shear layer becomes thicker. In Fig. 4.35.c the shear layer on the bottom of
cavity after flow reattachment is also visible. After the reattachment of the flow, a
boundary layer is formed on the bottom of the cavity.
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a) W/D =2

b) W/D = 4

c) W/D =6
Fig. 4.35. Boundary layer growth above the cavity at different aspect ratios
Figure 4.36 shows the Y-velocity profile on the mouth of the cavity in different
aspect ratios and Qnormalized is calculated using these profiles. Flow leaves the cavity closer
to the trailing edge for W/D of 2 and in aspect ratio of 6 flow leaves the cavity around at
70 mms from the trailing edge.
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Fig. 4.36.Y-velocity at the mouth of the cavity at different W/D ratios

With increasing W/D, Qnormalized increases drastically which has been proofed
statistically, as well. It can be seen in Fig. 4.34. that for the cavity with W/D of 2 only
one streamline enters the cavity and leaves it without interaction with the vortex inside.
However, in the cavity with W/D ratio of 4, two stream lines enter the cavity and leave it.
In W/D ratio of 6, the cavity changes from “open” into “closed and transitional” and 5
streamlines enter the cavity and leave the cavity.
In this chapter, the results from CFD case study were presented. The effect of aspect
ratio, Uupstream and Tu was statistically analyzed on normalized flow air exchanged rate at
the mouth of the cavity, the normalized horizontal and vertical position of the center of
the vortex, the cavity type and number of vortexes inside the cavity. The aspect ratio was
found to be the most significant factor affecting Qnormalized, the position of center of the
vortex and flow characteristics above and inside the cavity.
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CHAPTER V
V. CONCLUSIONS AND RECOMMENDATIONS
5.1. Conclusions
In this work a trapezoidal cavity was studied using a CFD model. The cavity was
studied for aspect ratios of 2, 4 and 6; Re = 60000, 123000 and 181000 (Uupstream= 5 m/s,
9.5 m/s and 15 m/s); and Tu = 0.67%, 5% and15%.
A CFD model was developed and validated using experimental data collected from
wind tunnel experiments. Different turbulence modeling schemes were tested and k-kl-ω
was chosen for this study because with this turbulence modeling scheme, the CFD results
are in a better agreement with experimental results. This turbulence modeling has
reasonable computational cost too. Vortex characteristics and vorticity contour inside;
shear layer growth above the cavity were analyzed with the CFD results from the case
that was used for model validation (W/D =2, Uupstream= 9.5 m/s and Tu = 0.67%).
The CFD model was run for all 27 possible cases (three factors each has three levels).
The effect of each individual factor and possible interactions between them was studied
statistically. There are five responses; they are the normalized of air exchanged
volumetric flow rate at the mouth of the cavity (Qnormalized), the normalized horizontal
position (x/L) and normalized vertical position (y/D) of the vortex, the cavity type and
number of vortexes inside the cavity. The effect of each factor was analyzed in more
details as well.
The aspect ratio was found to be the most significant factor affecting all the responses
whereas Tu did not show any major effect on any of the responses. W/D ratio was the
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only significant factor on the normalized vertical position of the cavity (y/D), cavity type
and number of vortexes inside the cavity. W/D ratio and Uupstream and the interaction
between them were significant factors affecting Qnormalized. W/D ratio, Uupstream, Tu and
interactions between W/D×Uupstream and W/D×Tu were the significant factors affecting
x/L.
With increasing W/D ratio, Qnormalized increased significantly. The increase in
Qnormalized was more when increasing the aspect ratio from 4 to 6, in comparison with
when increasing W/D from 2 to 4. This significant increase in Qnormalized is explained by
the change of the cavity type from “open” to “closed and transitional”. Moreover, with
increasing Uupstream, Qnormalized increased and this increase was more significant in aspect
ratio of 6.
With increasing W/D ratio, the center of vortex was moved toward the leading edge
of the cavity. Furthermore, with increasing Uupstream, the center of vortex moved toward
the trailing edge. The effect of Tu was significant in W/D of 2. With increasing Tu from
0.67% to 5% the center of vortex did not move significantly, whereas, with increasing the
level of turbulence from 5% to 15%, the center of vortex was found to move toward the
leading edge a bit.
With increasing W/D ratio the normalized vertical position of the center of vortex
(y/D) moved up but with increasing the aspect ratio from 4 to 6, y/D was moved toward
the bottom of the cavity.
Only in aspect ratio of 6, two vortexes were detectable inside the cavity whereas, in
aspect ratios of 2 and 4 one dominant vortex were detectable inside the cavity.
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Furthermore, the cavity was found to be “closed and transitional” in aspect ratio of 6. In
W/D ratios of 2 and 4 the cavity was found to be “open”.
Moreover, for the cavity with aspect ratio of 2, detailed analysis on the effect of
Uupstream and Tu showed that neither of those factors affect shear layer growth above the
cavity and normalized X-velocity. Vorticity magnitude inside the vortex increased with
increasing Uupstream. Hence, the vortex inside has more strength at higher upstream
velocities. Tu did not show a significant effect on vorticity inside the cavity. The vorticity
plot on line b1 (close to the leading edge of the cavity) is slightly higher for Tu= 15%.
5.2. Recommendations
In this work a 2D CFD model was used to study flow characteristics inside and
above a trapezoidal cavity. In future studies, a 3D CFD model could be used which will
require high computational cost.
Specific road configurations, i.e. below-grades, with trapezoidal section can be
modeled as a trapezoidal cavity. Although this work was not reflecting exactly the same
conditions of a real below grade, scaling study will show how to interpret the results of
this work for the real case geometry. In addition, pollutant dispersion can be included in
the model by adding a point source of pollution or a pollutant flux at the bottom of the
cavity.
The effect of Tu was not found to be significant on all the responses. The boundary
layer entering the cavity was turbulent in all the cases as the setup is suspended inside the
(i.e. turbulence is generated due to the presence of the setup). A setup that can generate
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laminar boundary layer on the leading edge of the cavity should be designed to better
understand the effect of Tu.
In this study, the experimental results were only conducted for a cavity with aspect
ratio of 2. A comparison between experimental and CFD model results for the cavities
with other aspect ratios (i.e. 4 and 6) improves the model validation.
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APPENDICES
A.1. Modeling Approaches
There are different approaches to tackle different engineering problems. However,
they can be classified into: Reduced Scaled Experiments, Computational Fluid Dynamics
(CFD) and Full Scale Experiments. In this appendix, a brief introduction on these
methods is presented.
A.1.1. Reduced Scaled Models
These models are based on similarity principles with which real geometries can be
scaled down into a wind tunnel or water tank geometry. Therefore, the real geometry of
the case can be scaled down in an order of 1/20 or even more. The dimensions of the
reduced scaled model are limited to the blockage effect inside the wind tunnel and
therefore, they are limited to the dimension of the wind tunnel. There are some different
techniques such as flow visualization (Lawson and Barakos, 2011) and “Laser Doppler
velocimetry” or Particle Image Velocimetry or are used to measure velocity or
concentrations. Hot-wire probes are also been used to find velocity profile in wind
tunnels.
Scaling
Scaling in wind tunnels is performed based on flow similarity. If we write NavierStokes equations in a dimensionless form, two dimensionless coefficients appear:
Reynolds number and Froude number and dimensionless energy equation will contain
another dimensionless coefficient that is called Mach number.
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Considering effective volume of air as  j where l is the characteristic length and

k is a constant regarding to the shape of body we will have:
Inertia force ~

L 


(A.1.1)

where ρ is density (kg/m3), V is velocity of the body (m/s) and t is time(s). According to
definition of velocity t=l/V and if this substituted with t then we will have:
Inertia force ~+  e 

(A.1.2)

viscous and elastic forces according to their definition can be written as:
Viscous force ~e

(A.1.3)

Elastic force~+  

(A.1.4)

where “a” is speed of sound and gravity force is simply gravity acceleration mass of air:
Gravity force~+ j 

(A.1.5)

dividing inertia force by others gives us three dimensionless coefficients:
Mach number =LK))  = K
))K 

Froude number = KG)  = 4 L
))K 

Reynolds number = G)>  =
))K 

 L


(A.1.6)

(A.1.7)

(A.1.8)

For wind tunnel experiments these dimensionless numbers are used to scale down the
real case geometry into the dimensions of wind tunnel. For stationary setups inside the
wind tunnel, Reynolds number is used for scaling. Hence, for the scaled down setup and
real case geometry Reynolds number should be equal. Froude number is a very important
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parameter when model motion is involved. For compressible flow in wind tunnel, Mach
numbers should be taken into account (Barlow 1999, White 2002).
A.1.2. CFD models
Computational Fluid Dynamics (CFD) has been used to solve some of fluid
dynamics’ problems for the past 50 years. CFD models analyze a system with fluid flow,
heat transfer and any other associated phenomenon such as chemical reactions. In CFD
models numerical methods are used to solve the governing equations simultaneously.
There are some methods used in CFD as listed below: “Finite Element Method (FEM)”,
“Finite Difference Method (FDM)”, “Finite Volume Method (FVM)” and other Methods
(“such as Spectral Methods, Boundary Element Method”, etc.) (Karniadakis 1998)
The difference between these models is their approximation of properties. Each
method has its advantages and disadvantages and they can be applied to different
problems with respect to problem’s geometry, boundary conditions, and other
specifications. However, for all of them two major equation is solved:
•

“Mass conservation ( continuity )” equation

•

“Three momentum conservation ( Navier-Stokes)” equations

Some other equations can be added to these three main equations if needed such as
equations of state, mass transfer kinetics equations These equations are used when the
pollutants react with each other, also it should be noticed that the adding these equations
can raise computational cost of the model. (Esfahanian 2008, Huffman 2000)
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A.1.3. Full Scale experiments
In field researches experiments are done on the real geometry. Hence, this method
has some limitations. Most importantly, the cost of doing field experiments is usually
very high in comparison to CFD and reduced scale models. In addition, the time that
takes to get the results is way more than the other two methods. Furthermore, in field
experiments there are many extraneous factors affecting the experiment directly.
Nonetheless, the results of these experiments are closest to the reality. In reduced scale
models and CFD there are some assumptions which make the conditions of them far from
the reality. It is worth noting that in field researches usually regression analysis (Johnson
2001) or Artificial Neural Networks (ANN) (Samarasinghe, 2006) are used to relate the
independent variable(s) to dependent variable(s). ANN has been found to be more
applicable in the cases that there is nonlinearity in the nature of the problem.
A.2 Sampling size and frequency
Choosing sampling size and frequency are very important in an experiment. For this
study, experiments are conducted in 80 KHz frequency and the sampling size is 2×106.
Figures A.2.1 and A.2.2, show the values of mean velocity and turbulence intensity with
respect to sampling size. The sampling size has been increased from 1000 to 2×106 by
1000 each time. It can be seen that from sample size of 10^6 on the value of mean
velocity and turbulence intensity calculated starts to stabilize and from sample size of
1.8×106 both the values are stabled. Thus, the sampling size of 2×106 is large enough.
These graphs are for a point located 2.2 inches above the cavity in at the leading edge.
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Fig. A.2.1. Mean Velocity Vs. Sampling Size

Fig. A.2.2. Turbulence intensity Vs. Sampling size
A.3. Roughness measurement
To make the conditions of the wind tunnel experiment and the CFD model, the
surface roughness of the experimental setup has been measured and imported into the
CFD model. Therefore, a small piece of the same wood that the experimental setup was
made out of was used for the roughness measurement experiment. The surface of the
sample wood was painted twice and sanded to create the same surface as the setup.
Roughness measurement experiments were conducted by Wyko NT1100 optical profiling
system in “Lightweight Materials for Automotive Products and Manufacturing
Processes” lab. The results of the experiment can be seen in Fig. A.3. 1 & A.3.2.
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Fig. A.3.1. Average surface roughness contour

Fig. A.3.2. Roughness height plot and average roughness height
A.4. Governing Equations
In order to model flow field in the wind tunnel and over the cavity, governing
equations are solved simultaneously. The governing equations include conservation of
mass, momentum, energy and species as well as turbulence model. (ANSYS FLUENT
manual)
A.4.1. Conservation of mass
The equation for conservation of mass is presented as follows:



+ ∇. $+E& = 
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(A.4.1)

where + is the density, E is the velocity vector and  is the mass source. Mass source is
equal to zero in the flow field except in locations where mass is injected to the flow.
A.4.2. Conservation of momentum
The equation for conservation of momentum is presented in Eq. (A.4.2).

$+E& + ∇. $+EE&


= −∇a + ∇. (̿ + + + 

(A.4.2)

where a is the static pressure, (̿ is the stress tensor, + is the gravitational body force and
 represents other external body forces. Stress tensor can be explained by Eq. (A.4.3).
(̿ =  ∇E + ∇E   − j ∇. E


(A.4.3)

where  is the molecular viscosity,  is the unit tensor and ∇E  presents the volume

dilation effect.

A.4.3. Turbulence modeling
Turbulence is always tied with chaos manner and fluctuation. A fluctuating property
can be written in the form of:
=φ
 + φ!

(A.4.4)

where φ
 is the mean value and φ́ is the fluctuation part. Therefore, if we replace E in

conservation of mass equation and conservation of momentum and assuming the density
to be constant, there will be some newly generated terms as +"
#####
, "- (shear stress) and

turbulent fluxes. Therefore, the number of unknowns will be more than equations and
some additional equations are required. These additional equations are called turbulence
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modeling. There is different turbulence modeling approaches developed for Reynolds
Averaged Navier Stokes (RANS) – based solution:
•

Algebric (zero equation models)

•

One equation models : k-model, µ t models

•

Two equation models : k-ε model, k-ω model

•

Three equation models : k-kl-ω model

•

Reynolds Stress Model (RSM)

For this study k-ε (Launder 1974), k-ω standard, (Wilcox 1998), k-ω SST (Menter,
2003), k-kl-ω (Walters, 2008) k-ω SST, k-kl-ω and RSM model have been tested. Among
these models k-kl-ω and RSM have shown better agreement with the experimental
results. However, k-kl-ω was chosen by some considerations. The k-kl-ω model is a three
equation turbulence modeling which has known to have a very good accuracy in
predicting boundary layer and transition between laminar and turbulent regime. The
model is based on k-ω framework with slightly difference. The third transport equation is
included to predict the magnitude of “low-frequency velocity fluctuations” in the
pretransitional boundary layer.
The concept of k-ε, k-ω standard, k-ω SST and k-kl-ω are close to each other. They
all have turbulent kinetic energy and dissipation rate equations and the difference is in
their formulation. Here, the formulation of k-ω SST has been brought as an example. The
shear-stress transport (SST) k-ω model which is presented by considering low Reynolds
number correction is a modified version of k-ω which is known to have better accuracy in
low Re turbulence, i.e. close to the wall region. The SST k-ω model is presented by a
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couple of equations based on turbulence kinetic energy () and specific dissipation rate
(¡) as follows:

$+& +



$+¡& +


¢. $+E& = ¢. $£ ¢& + ¤¥ − ¦

¢. $+¡E& = ¢. $£§ ¢¡& + ¤§ − ¦§ + ¨§

(A.4.5)

(A.4.6)

where ¤¥ , ¤§ , £ , £§ and ¨§ are representing the generation of turbulent kinetic energy,

generation of ¡, effective diffusivity of turbulent kinetic energy, effective diffusivity of

specific dissipation rate and the cross-diffusion term, respectively. Also, ¦ and ¦§ are
the dissipation of turbulent kinetic energy and specific dissipation rate, respectively.

Generation of turbulent kinetic energy is defined based on exact equation for its
transport as follows:
¤¥ =

©b$¤ , 10+« ∗ ¡&

(A.4.7)

! ! >
######
¤ = −+"
, "- ®

(A.4.8)

¤ =   

(A.4.9)

¯

In order to make a consistent definition of ¤ with Boussinesq hypothesis it is

written as follows:

where  is the turbulent viscosity and  is the modulus of the mean rate strain-tensor as

presented in Eq. (A.4.10).

 = °2)* )*

The generation of ¡ is defined as follows:
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(A.4.10)

±
¤¥
²³ 

(A.4.11)

±µ ±· /³ ⁄¸
¶
º
± ∗ /³ ⁄¸

(A.4.12)

¤§ =

where coefficient ´ is defined as follows:
´=

where:
´∗ =

»¯
j

´¼ =  ´¼, + $1 −  &´¼,

Φ =

´¼, =

»¯,½

−¿

´¼, =

»¯,

−¿

∗
»µ
∗
»µ

√

/
¨§
=

` Æ2+ ¿



¸,

(A.4.15)

¾

(A.4.16)

¸,½4À∗·

¸, 4À∗·

Á = 0.41

iiÈ
k
º,
§ ¿¸,  Ȩ́ 

Ê

  §
, 10Yi Ê
§ ® ®

«) = 0.072
OP = §


O§ = 2.95

Dissipation of turbulent kinetic energy is presented in Eq. (A.4.24).
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(A.4.14)

¾

 = tanh$Φk &

©b Æ ` ¶i.il§ , 

(A.4.13)

(A.4.17)
(A.4.18)
(A.4.19)

(A.4.20)

(A.4.21)
(A.4.22)
(A.4.23)

¦ = +« ∗ ¡

(A.4.24)

¦§ = +«) ¡

(A.4.25)

«) =  «), + $1 −  &«),

(A.4.26)

Dissipation of specific dissipation rate (¦§ ) equation is presented as follows:
where «) is defined as presented in Eq. (D.26).

Finally, Eq. (A.4.27) represents the cross-diffusion term.
¨§ = 2$1 −  &+Ë§, § ®

  §
 ®

(A.4.27)

A.5. Uncertainty in Reynolds number
ρ × UÏ × D
μ

(A.5.1)

∂Re
∂Re
∂Re
W6 & + $
Wp× & + $
W &
∂ρ
∂UÏ
∂D Ø

(A.5.2)

Re =

Hence the uncertainty of Re would be:
WÓÔ = Õ$
WÓÔ = Õ$

UÏ × D
ρ×D
ρ × UÏ
W6 & + $
Wp× & + $
WØ &
μ
μ
μ

(A.5.3)

the absolute uncertainty in temperature is:
W = 4$W & ÓÔ1ÏÙÚÛÏÜ + $W & ÝÞÞßàÞ

The device used has a resolution of 1Ï C, and the accuracy is ±1Ï C.
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(A.5.4)

0.1
W = Õ$ & + $1& ≅ 1Ï C
2

(A.5.5)

The manometer used in the lab has a resolution of 0.01 inHg, and the accuracy is ± 0.05
inHg. Thus, the absolute uncertainty in pressure is:

0.1
Wâ = Õ$ & + $0.05& ≅ 170.33 Pa
2

(A.5.6)

Considering the ideal gas equation:
P=ρ×R×T

(A.5.7)

Hence, the uncertainty allocated with the density will be :
W6 = Õ$
W6 = Õ$

∂ρ
∂ρ
W & + $ W &
∂P 6
∂T

Wâ 
P × W 
& + $−
&
RT
R × T

(A.5.8)

(A.5.9)

where, the gas constant is:
R = 287.05

J
kg × K

(A.5.10)

The pressure and temperature of the lab are measured to be 99200 Pa and 294 K:
W6 = Õ$

170.33
99200 × 1
kg
& + $−
& = 0.00446 j

287.05 × 294
287.05 × $294&
m

(A.5.11)

As the mean velocity is calculated by Eq. (A.5.12)
2 × ΔP
UÏ = Õ
ρàÛß
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(A.5.12)

The uncertainty allocated with the velocity will be:
Wp× = Õ$

∂UÏ
∂UÏ
W & + $
W &
∂ΔP êâ
∂ρ 6

(A.5.13)

ρ
Wêâ 
ρ
ΔP × Wêâ 
Wp× = Õ$4
×
& + $4
× $−
& &
2 × ΔP
ρ
2 × ΔP
ρ

(A.5.14)

The manometer has hysteresis of ± 0.1% which leads to the accuracy is ± 0.5% of

the full scale and neglecting the precision error:

W∆ë = 4$Wêâ & ÓÔ1ÏÙÚÛÏÜ + $Wêâ & ì1ÚÔßÔ1Û1

W∆â = 0.00127 Kpa

(A.5.15)

(A.5.16)
0

In this study, the manometer reading was ∆P = 0.0532 kPa for Uo = 9.5 1 , hence:
1.18
1.27 
1.18
53.2 × 0.00448 
m
Wp× = î$Õ
×
& + $Õ
× $−
& & = 0.119
2 × 53.2 1.18
2 × 53.2
1.18
s

(A.5.17)

The digital caliper has 0.01 mm resolution giving the accuracy is ±0.025 mm.
ð 4$WØ & ÓÔ1ÏÙÚÛÏÜ + $WØ & ÝÞÞßàÞ = 0.0255

(A.5.18)

Now importing the values into equation (A.5.3) will give the uncertainty for Reynolds
number = 123112
9.5 × 0.2032
1.18 × 0.2032
1.18 × 9.5
WÓÔ = Õ$
× 0.00446& + $
× 0.119& + $
× 0.0000255& = 471
1.83 × 10Y
1.83 × 10Y
1.83 × 10Y

Re= 123112± 471
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A.6. Uncertainty of hot-wire data
The uncertainty in hot-wire measurement comes from three sources:
•

Uncertainty in calibration process

•

Uncertainty in data acquisition

•

Uncertainty in post processing

Uncertainty in calibration process has been reported to be ≈ 3% (Jorgenson, 2002).
The uncertainty in data acquisition can have different sources such as humidity change
and pressure change during the measurement. In addition, the resolution of the data
acquisition card is an important factor to be taken into account.
Among the factors important for uncertainty allocated with data acquisition,
uncertainty due to the A/D bar resolution and uncertainty of the change in pressure while
running the experiment are considered.
The uncertainty of hot-wire voltage is ½ of the resolution of the A/D bar. The A/D
board used in this work is 12- bit which leads to a resolution of 212. As the output voltage
is within the range of 10 volts, the total uncertainty of the output voltage can be written
as:
∆ñ = ± ¶º × 10 × 2Y = 0.0012


(A.6.1)

As the velocity is calculated via the voltage outputs, the propagation of this
uncertainty in the spontaneous velocity calculation would be:
∆Uàò, =

óp
óô

∆E

(A.6.2)
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The outcome of calibration process is five coefficients which relate the voltage
outcome to velocity as explained in chapter 3.

Hence,

U = Ci + C E + C E  + Cj E j + Ck E k

∆ôwöq,½
p

(A.6.3)

can be written in the form of:

∆ôwöq,½
p

=$

÷½ /÷ ô/j÷ ô /k÷ø ô

÷· /÷½ ô/÷ ô /÷ ô /÷ø ôø

&∆E

(A.6.4)

In addition the uncertainty allocated with change in ambient pressure during the
experiment has been recorded as: (Jorgenson, 2002)
∆ôwöq,
p

= ±0.006

(A.6.5)

Therefore:
∆ôwöq,t×t
p

= ± 4$

∆ôwöq,½ 
&
p

+$

∆ôwöq,
p

&

(A.6.6)

In the post processing of hot-wire data, there is a small amount of uncertainty
allocated with truncation error in the calculation by MATLAB. As the accuracy used in
all the calculations is 0.0001, hence:
∆ôùún³
p

=±

i.iii


=

±i.iiii
p

(A.6.7)

In summary, the uncertainty of one spontaneous value of velocity calculated at
each point can be written in the form of:
∆p
p

= ± 4$

∆ôûwü,t×t 
&
p

+$

∆ôwöq,t×t 
∆ôr×st,t×t
& +$ p &
p

94

(A.6.8)

where:
∆ôûwü,t×t
p

= ±0.03

(A.6.9)

It has been mentioned in chapter IV that the value of mean velocity at each point
of measurement is calculated by averaging all the spontaneous voltage values. Assuming
a sample of the size N is in hand velocity at each point can be written as:
U0ÔàÜ = ∑ý
Ûୀ UÛ

(A.6.10)

####
 = ϑU0ÔàÜ
∆U0ÔàÜ = ####
ϑU = ϑU

(A.6.11)



Considering

∆p
p

ý

 it can be written that:
= ߴ and ####
∆U = ∆U
####xvw
∆p
pxvw

=ϑ=

∆p
p

(A.6.12)

A MATLAB code was developed to calculate the total amount of uncertainty and the
relative uncertainty was calculated as to be 3.0005%. However, this is the bias
uncertainty allocated with the hotwire measurements. In this work, for Lines 1, 2 and 3
(see chapter IV) five replications of hotwire measurements were in hand. Therefore, the
total uncertainty consists of both relative uncertainty that has been calculated above and
the uncertainty in measurements from 5 replications.
Hotwire results are known to have the biggest uncertainty very close to walls and
boundaries. Therefore, the total uncertainty has been calculated at on Line 3 that has the
closest distance to wall as an example.
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The total uncertainty would be:
WÏÚ = 4$WÛà1 & + $WÓÔ୮ &

(A.6.13)

In this work, 5 replications are available, and for the closest point on Line 3 to the
wall the velocity measurements are:
Experiment A = 7.75 [m/s], Experiment B = 7.14 [m/s], Experiment C = 7.68 [m/s],
Experiment D = 8.6 [m/s] and Experiment E = 8.12 [m/s].
Hence, Umean = 7.85 [m/s] and the standard deviation of the measurements would be
0.54.
Therefore, WBias = ∆U= 7.85 × 0.03 = 0.23 [m/s].
Moreover, according to the definition and using student’s t-distribution with confidence
interval of 95% we have:
WÓÔ୮ =

Úತ,·.వఱ ×ୗ
√ý

(A.6.14)

where N is the number of measurements and ߴ is the degree of freedom and is N-1 =4.
Hence, from the table, t k,i.l = 2.776 and WRep = 0.67 [m/s].
and
WÏÚ = °$0.23& + $0.67& = 1.13

(A.6.15)

and the relative total uncertainty is
pxvw
×t

.j

= o.଼ = 14%.
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(A.6.16)

A.7. Turbulence Decay
As explained in the thesis, the value of Tu is set at the inlet and the level of
turbulence drops till flow reaches to the cavity. Figures A.7.1, A.7.2 and A.7.3 show the
turbulence intensity at inlet and 1 inch (25.4 mm) before the setup. These plots are for
Uupstream of 9.5 m/s and cavity with aspect ratio of 2.

Fig.A.7.1. Turbulence decay for the case with Tu= 0.67% at inlet

Fig.A.7.2. Turbulence decay for the case with Tu= 5% at inlet
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Fig.A.7.3. Turbulence decay for the case with Tu= 15% at inlet

It can be seen that for the case with Tu of 15% at inlet the turbulence decay is
most severe. For the case with 0.67% of turbulence at inlet, the level of turbulence is
0.67% when flow reaches to the cavity and for the case with Tu of 5% at inlet, the level
of turbulence is 1.2% before the cavity and for the case with Tu of 15% at inlet, flow has
4.1% turbulence intensity when it reaches to the cavity.
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A.8. Results from the cases not included in parametric study
In this section, results from CFD simulation that have not been presented in the
body of thesis are presented.
A.8.1. Effect of upstream velocity
The effect of upstream velocity was studied for the cavity with aspect ratio of 2
and Tu of 5% for three upstream velocities (5, 9.5 and 15 m/s). In this section, the effect
of Uupstream is studied for other turbulence intensities and aspect ratios. Figure A.8.1shows
flow streamlines for different upstream velocities for the cavity with W/D of 2 and at Tu
of 0.67%.

a) Uupstream = 5 m/s,

b) Uupstream = 9.5 m/s

c) Uupstream = 15 m/s
Fig. A.8.1. Flow streamlines above and inside the cavity for (W/D=2, Tu=0.67%)
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Figure A.8.2 shows flow streamlines for three upstream velocities for the cavity
with aspect ratio of 4 and at Tu of 5%.

a) Uupstream = 5 m/s,

b) Uupstream = 9.5 m/s

c) Uupstream = 15 m/s
Fig. A.8.2. Flow streamlines above and inside the cavity for (W/D=4, Tu= 5%)

Figure A.8.3 shows flow streamlines for three upstream velocities for the cavity
with aspect ratio of 6 and at Tu of 5%.
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a) Uupstream = 5 m/s,

b) Uupstream = 9.5 m/s

c) Uupstream = 15 m/s
Fig. A.8.3. Flow streamlines above and inside the cavity for (W/D=6, Tu= 5%)

It can be seen that for all the cases with increasing Uupstream, the center of vortex
has been moved toward the leading edge and the normalized volumetric flow rate of air
exchanged at the mouth of cavity increases. These results are in agreement with the
results presented in the body of the thesis and lead to the same conclusion. However, it
can be seen that for cavity with aspect ratio of 2, this movement of the center of vortex is
more detectable.

A.8.2. Effect of turbulence intensity
The effect of turbulence intensity was studied for the cavity with aspect ratio of 2
and with upstream velocity of 9.5 m/s for three levels of turbulence at inlet (0.67%, 5%
and 15%). In this section, the effect of Tu is clarified for other upstream velocities and
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aspect ratios. Figure A.8.4 shows flow streamlines for different upstream velocities for
the cavity with W/D of 2 and at Uupstream of 5 m/s.

a) Tu= 0.67%

b) Tu= 5%

c) Tu= 15%
Fig. A.8.4. Flow streamlines above and inside the cavity for (W/D=2, Uupstream = 5 m/s)

Figure A.8.5 shows flow streamlines for different upstream velocities for the
cavity with W/D of 4 and at Uupstream of 15 m/s.
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a) Tu= 0.67%

b) Tu= 5%

c) Tu= 15%
Fig. A.8.5. Flow streamlines above and inside the cavity for (W/D=4, Uupstream =15 m/s)

Figure A.8.6 shows flow streamlines for different upstream velocities for the
cavity with W/D of 4 and at Uupstream of 15 m/s.

a) Tu= 0.67%

b) Tu= 5%
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c) Tu= 15%
Fig. A.8.6. Flow streamlines above and inside the cavity for (W/D=4, Uupstream =9.5 m/s)

It can be seen that Tu does not affect the position of X and Y and Qnormalized
significantly. However, it can be seen that in aspect ratio of 2 the center of vortex is
moved toward the leading edge a bit.

A.8.3. Effect of aspect ratio
The effect of aspect ratio was studied for the cavity with Uupstream of 9.5 m/s and
with Tu of 5% for three aspect ratios (2, 4 and 6). In this section, the effect of W/D ratio
is clarified for other upstream velocities and aspect ratios. Figure A.8.7 shows flow
streamlines for different upstream velocities for the cavity with Uupstream of 9.5 m/s and
Tu of 0.67%.
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a) W/D= 2

b) W/D= 4

c) W/D= 6
Fig. A.8.7. Flow streamlines above and inside the cavity for (Uupstream = 9.5 m/s, Tu = 0.67%)

It can be illustrated that with increasing the aspect ratio, the normalized
volumetric flow rate of exchanged air at the mouth of the cavity increases drastically.
Moreover, the center of vortex moves toward the leading edge. These conclusions are in
agreement with the conclusions made from the parametric study designed.
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A.9. Statistical model selection
As explained in the thesis, for the statistical analysis, only significant factors were
included and insignificant factors were omitted from the model. All the factors and
interactions between them were imported in to the full model. Then, insignificant factors
were dropped.
For Qnormalized as the response and using the full factorial model:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for Qnormalized (1/s), using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
W/D*Tu%*Uupstream (m/s)
Error
Total

DF
2
2
2
4
4
4
8
0
26

Seq SS
826.928
0.001
467.688
0.004
137.399
0.003
0.009
*
1432.031

Adj SS
826.928
0.001
467.688
0.004
137.399
0.003
0.009
*

Adj MS
413.464
0.000
233.844
0.001
34.350
0.001
0.001
*

F
**
**
**
**
**
**
**

P

** Denominator of F-test is zero.

S = *

It can be seen that the model cannot give results and this happens when one of the
factors has correlation with others and is not significant. Dropping the second order
interaction (W/D*Tu*Uupstream) the results will be:
Source
W/D
Tu%
Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
Error
Total

DF
2
2
2
4
4
4
8
26

Seq SS
826.928
0.001
467.688
0.004
137.399
0.003
0.009
1432.031

Adj SS
826.928
0.001
467.688
0.004
137.399
0.003
0.009
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Adj MS
413.464
0.000
233.844
0.001
34.350
0.001
0.001

F
379534.47
0.35
214654.43
0.82
31530.96
0.63

P
0.000
0.715
0.000
0.549
0.000
0.654

S = 0.0330060

R-Sq = 100.00%

R-Sq(adj) = 100.00%

It can be seen that Tu% and interactions of Tu% are not significant as the Pvalues of them are greater than 0.05. Hence, these variables have been omitted in the
model presented in the thesis.
And final model will be:
Factor
W/D
Uupstream (m/s)

Type
fixed
fixed

Levels
3
3

Values
2, 4, 6
5.0, 9.5, 15.0

Analysis of Variance for Qnormalized (1/s), using Adjusted SS for Tests
Source
W/D
Uupstream (m/s)
W/D*Uupstream (m/s)
Error
Total

S = 0.0301423

DF
2
2
4
18
26

Seq SS
826.88
467.65
137.41
0.02
1431.96

Adj SS
826.88
467.65
137.41
0.02

R-Sq = 100.00%

Adj MS
413.44
233.83
34.35
0.00

F
455053.27
257359.57
37810.22

P
0.000
0.000
0.000

R-Sq(adj) = 100.00%

Unusual Observations for Qnormalized (1/s)

Obs
20
23

Qnormalized
(1/s)
17.3100
17.2060

Fit
17.2580
17.2580

SE Fit
0.0174
0.0174

Residual
0.0520
-0.0520

St Resid
2.11 R
-2.11 R

R denotes an observation with a large standardized residual.

For x/L as the response the full model’s result will be:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for x/L, using Adjusted SS for Tests
Source
W/D
Tu%

DF
2
2

Seq SS
0.383356
0.002022

Adj SS
0.383356
0.002022
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Adj MS
0.191678
0.001011

F
**
**

P

Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
W/D*Tu%*Uupstream (m/s)
Error
Total

2
4
4
4
8
0
26

0.004467
0.001889
0.002244
0.000044
0.000244
*
0.394267

0.004467
0.001889
0.002244
0.000044
0.000244
*

0.002233
0.000472
0.000561
0.000011
0.000031
*

**
**
**
**
**

** Denominator of F-test is zero.

S = *

And deleting the interaction of (W/D*Tu%*Uupstream) the model gives:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for x/L, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
Error
Total

S = 0.00552771

DF
2
2
2
4
4
4
8
26

Seq SS
0.383356
0.002022
0.004467
0.001889
0.002244
0.000044
0.000244
0.394267

R-Sq = 99.94%

Adj SS
0.383356
0.002022
0.004467
0.001889
0.002244
0.000044
0.000244

Adj MS
0.191678
0.001011
0.002233
0.000472
0.000561
0.000011
0.000031

F
6273.09
33.09
73.09
15.45
18.36
0.36

P
0.000
0.000
0.000
0.001
0.000
0.828

R-Sq(adj) = 99.80%

It can be seen that all factors except the interaction of Tu% and Uupstream are
significant and this variable has been omitted from the model presented in the thesis.
And the final model is:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for x/L, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
W/D*Tu%

DF
2
2
2
4

Seq SS
0.383356
0.002022
0.004467
0.001889

Adj SS
0.383356
0.002022
0.004467
0.001889
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Adj MS
0.191678
0.001011
0.002233
0.000472

F
6273.09
33.09
73.09
15.45

P
0.000
0.000
0.000
0.001

W/D*Uupstream (m/s)
Error
Total

S = 0.00552771

4
8
26

0.002244
0.000244
0.394267

R-Sq = 99.94%

0.002244
0.000244

0.000561
0.000031

18.36

0.000

R-Sq(adj) = 99.80%

Considering y/D as the response, the full model results:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for y/L, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
W/D*Tu%*Uupstream (m/s)
Error
Total

DF
2
2
2
4
4
4
8
0
26

Seq SS
0.0366000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
*
0.0366000

Adj SS
0.0366000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
*

Adj MS
0.0183000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
*

F
**
**
**
**
**
**
**

P

** Denominator of F-test is zero.

S = *

And omitting the interaction of (W/D*Tu%*Uupstream) the model gives:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for y/L, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
Error
Total

DF
2
2
2
4
4
4
8
26

Seq SS
0.0366000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0366000

Adj SS
0.0366000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

Adj MS
0.0183000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

** Denominator of F-test is zero.

S = 7.985378E-18

R-Sq = 100.00%

R-Sq(adj) = 100.00%
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F
**
**
**
**
**
**

P

Deleting the other interactions will lead to:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for y/L, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
Error
Total

DF
2
2
2
20
26

Seq SS
0.0366000
0.0000000
0.0000000
0.0000000
0.0366000

Adj SS
0.0366000
0.0000000
0.0000000
0.0000000

Adj MS
0.0183000
0.0000000
0.0000000
0.0000000

F
**
**
**

P

** Denominator of F-test is zero.

S = 9.342556E-18

R-Sq = 100.00%

R-Sq(adj) = 100.00%

This shows that only one factor is affecting y/D. One way ANOVA analysis on
y/D with Tu%, Uupstream and W/D will show which one of the factors are significant:
One-way ANOVA: y/L versus W/D
Source
W/D
Error
Total

DF
2
24
26

S = 0

R-Sq = 100.00%

Level
2
4
6

N
9
9
9

SS
0.0366000
0.0000000
0.0366000

Mean
-0.470000
-0.420000
-0.510000

MS
0.0183000
0.0000000

F
*

P
*

R-Sq(adj) = 100.00%

StDev
0.000000
0.000000
0.000000

Individual 95% CIs For Mean Based on
Pooled StDev
----+---------+---------+---------+----*
*
*
----+---------+---------+---------+-----0.500
-0.475
-0.450
-0.425

Pooled StDev = 0.000000

One-way ANOVA: y/L versus Tu%
Source
Tu%
Error
Total

DF
2
24
26

S = 0.03905

SS
0.00000
0.03660
0.03660

MS
0.00000
0.00153

R-Sq = 0.00%

F
0.00

P
1.000

R-Sq(adj) = 0.00%
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Level
0.67
5.00
15.00

N
9
9
9

Mean
-0.46667
-0.46667
-0.46667

StDev
0.03905
0.03905
0.03905

Individual 95% CIs For Mean Based on
Pooled StDev
---------+---------+---------+---------+
(-----------------*-----------------)
(-----------------*-----------------)
(-----------------*-----------------)
---------+---------+---------+---------+
-0.480
-0.465
-0.450
-0.435

Pooled StDev = 0.03905

One-way ANOVA: y/L versus Uupstream (m/s)
Source
Uupstream (m/s)
Error
Total
S = 0.03905

Level
5.0
9.5
15.0

N
9
9
9

DF
2
24
26

SS
0.00000
0.03660
0.03660

R-Sq = 0.00%

Mean
-0.46667
-0.46667
-0.46667

StDev
0.03905
0.03905
0.03905

MS
0.00000
0.00153

F
0.00

P
1.000

R-Sq(adj) = 0.00%

Individual 95% CIs For Mean Based on
Pooled StDev
---------+---------+---------+---------+
(-----------------*-----------------)
(-----------------*-----------------)
(-----------------*-----------------)
---------+---------+---------+---------+
-0.480
-0.465
-0.450
-0.435

Pooled StDev = 0.03905

Therefore, Tu% and Uupstream are not significant factors and W/D explains 100%
of R-Sq. This can be observed from Table- 6 as well. It can be seen that y/D only varies
with W/D ratio.
For cavity type and number of vortexes exactly same manner can be observed.
For the cavity type as the response:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for Cavity type, using Adjusted SS for Tests
Source
W/D

DF
2

Seq SS
6.00000

Adj SS
6.00000
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Adj MS
3.00000

F
**

P

Tu%
Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
W/D*Tu%*Uupstream (m/s)
Error
Total

2
2
4
4
4
8
0
26

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
*
6.00000

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
*

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
*

**
**
**
**
**
**

** Denominator of F-test is zero.

S = *

And omitting the (W/D*Tu%*Uupstream) interaction:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for Cavity type, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
Error
Total

DF
2
2
2
4
4
4
8
26

Seq SS
6.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
6.00000

Adj SS
6.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Adj MS
3.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

F
**
**
**
**
**
**

P

** Denominator of F-test is zero.

S = 9.668031E-17

R-Sq = 100.00%

R-Sq(adj) = 100.00%

And omitting other interaction the model will give:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for Cavity type, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
Error
Total

DF
2
2
2
20
26

Seq SS
6.0000
0.0000
0.0000
0.0000
6.0000

Adj SS
6.0000
0.0000
0.0000
0.0000

Adj MS
3.0000
0.0000
0.0000
0.0000

112

F
**
**
**

P

** Denominator of F-test is zero.

S = 9.093855E-17

R-Sq = 100.00%

R-Sq(adj) = 100.00%

Hence, only one factor is affecting the response and one way ANOVA will lead to
the conclusion that W/D ratio is the only variable affecting the response:
One-way ANOVA: Cavity type versus W/D
Source
W/D
Error
Total

DF
2
24
26

S = 0

R-Sq = 100.00%

Level
2
4
6

N
9
9
9

SS
6.000000
0.000000
6.000000

Mean
0.00000
0.00000
1.00000

MS
3.000000
0.000000

F
*

P
*

R-Sq(adj) = 100.00%

StDev
0.00000
0.00000
0.00000

Individual 95% CIs For Mean Based on Pooled
StDev
+---------+---------+---------+--------*
*
*
+---------+---------+---------+--------0.00
0.25
0.50
0.75

Pooled StDev = 0.00000

One-way ANOVA: Cavity type versus Tu%
Source
Tu%
Error
Total

DF
2
24
26

S = 0.5

Level
0.67
5.00
15.00

SS
0.000
6.000
6.000

MS
0.000
0.250

R-Sq = 0.00%

N
9
9
9

Mean
0.3333
0.3333
0.3333

F
0.00

P
1.000

R-Sq(adj) = 0.00%

StDev
0.5000
0.5000
0.5000

Individual 95% CIs For Mean Based on
Pooled StDev
-+---------+---------+---------+-------(-----------------*----------------)
(-----------------*----------------)
(-----------------*----------------)
-+---------+---------+---------+-------0.00
0.20
0.40
0.60

Pooled StDev = 0.5000

One-way ANOVA: Cavity type versus Uupstream (m/s)
Source
Uupstream (m/s)
Error

DF
2
24

SS
0.000
6.000

MS
0.000
0.250

F
0.00

P
1.000
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Total

26

S = 0.5

Level
5.0
9.5
15.0

6.000

R-Sq = 0.00%

N
9
9
9

Mean
0.3333
0.3333
0.3333

R-Sq(adj) = 0.00%

Individual 95% CIs For Mean Based on
Pooled StDev
-+---------+---------+---------+-------(-----------------*----------------)
(-----------------*----------------)
(-----------------*----------------)
-+---------+---------+---------+-------0.00
0.20
0.40
0.60

StDev
0.5000
0.5000
0.5000

Pooled StDev = 0.5000

It can be observed that Tu% and Uupstream are not significant as the P-value of
them are greater than 0.05.
For the number of vortexes as response:
The full model gives:
Factor
W/D
Tu%
Uupstream (m/s)

Type
fixed
fixed
fixed

Levels
3
3
3

Values
2, 4, 6
0.67, 5.00, 15.00
5.0, 9.5, 15.0

Analysis of Variance for Number of vortexes, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
W/D*Tu%
W/D*Uupstream (m/s)
Tu%*Uupstream (m/s)
W/D*Tu%*Uupstream (m/s)
Error
Total

DF
2
2
2
4
4
4
8
0
26

Seq SS
6.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
*
6.00000

Adj SS
6.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
*

Adj MS
3.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
*

** Denominator of F-test is zero.

S = *

Omitting the interactions the model will result:
actor
W/D
Tu%

Type
Levels Values
fixed
3 2, 4, 6
fixed
3 0.67, 5.00, 15.00
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F
**
**
**
**
**
**
**

P

Uupstream (m/s)

fixed

3

5.0, 9.5, 15.0

Analysis of Variance for Number of vortexes, using Adjusted SS for Tests
Source
W/D
Tu%
Uupstream (m/s)
Error
Total

DF
2
2
2
20
26

Seq SS
6.0000
0.0000
0.0000
0.0000
6.0000

Adj SS
6.0000
0.0000
0.0000
0.0000

Adj MS
3.0000
0.0000
0.0000
0.0000

F
**
**
**

P

** Denominator of F-test is zero.

S = 8.388386E-17

R-Sq = 100.00%

R-Sq(adj) = 100.00%

Hence, it is obvious that only one factor is affecting the response and one way
ANOVA analysis leads to the conclusion that W/D is the only factor significant for
number of vortexes as it can be understood from Table- 6 as well.
One-way ANOVA: Number of vortexes versus W/D
Source
W/D
Error
Total

DF
2
24
26

S = 0

R-Sq = 100.00%

Level
2
4
6

N
9
9
9

SS
6.000000
0.000000
6.000000

Mean
1.00000
1.00000
2.00000

MS
3.000000
0.000000

F
*

P
*

R-Sq(adj) = 100.00%

StDev
0.00000
0.00000
0.00000

Individual 95% CIs For Mean Based on Pooled
StDev
+---------+---------+---------+--------*
*
*
+---------+---------+---------+--------1.00
1.25
1.50
1.75

Pooled StDev = 0.00000

One-way ANOVA: Number of vortexes versus Tu%
Source
Tu%
Error
Total
S = 0.5

DF
2
24
26

SS
0.000
6.000
6.000

MS
0.000
0.250

R-Sq = 0.00%

F
0.00

P
1.000

R-Sq(adj) = 0.00%

Individual 95% CIs For Mean Based on
Pooled StDev
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Level
0.67
5.00
15.00

N
9
9
9

Mean
1.3333
1.3333
1.3333

StDev
0.5000
0.5000
0.5000

-+---------+---------+---------+-------(-----------------*----------------)
(-----------------*----------------)
(-----------------*----------------)
-+---------+---------+---------+-------1.00
1.20
1.40
1.60

Pooled StDev = 0.5000

One-way ANOVA: Number of vortexes versus Uupstream (m/s)
Source
Uupstream (m/s)
Error
Total
S = 0.5

Level
5.0
9.5
15.0

DF
2
24
26

SS
0.000
6.000
6.000

R-Sq = 0.00%

N
9
9
9

Mean
1.3333
1.3333
1.3333

StDev
0.5000
0.5000
0.5000

MS
0.000
0.250

F
0.00

P
1.000

R-Sq(adj) = 0.00%

Individual 95% CIs For Mean Based on
Pooled StDev
-+---------+---------+---------+-------(-----------------*----------------)
(-----------------*----------------)
(-----------------*----------------)
-+---------+---------+---------+-------1.00
1.20
1.40
1.60

Pooled StDev = 0.5000

Hence, W/D ratio is the only significant factor as P-value is greater than 0.05 for
Uupstream and Tu%.
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